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ABSTRACT 
Lakes are excellent repositories of fossils and sedimentary features that provide 
clues to past climatic and geologic events. Sediments from four cores drilled in Lake 
Aerodrome (LA1-09, LA2-09) and Lake Brown (LB1-09, LB2-09), two of the hundreds 
of ephemeral lakes in southern Western Australia, were analyzed for their palynological 
contents to understand the geologic and climatic evolution of the depositional basin. 
Palynofacies assemblages defined by statistical analyses of dispersed organic matter 
suggested differences in the depositional conditions and probable correlations between 
Lake Aerodrome cores. Detailed identifications and quantification of organic-walled 
microfossils yielded two palynomorph assemblages that reflect a climatic turnover: (1) a 
wet hinterland (rainforest), freshwater and swampy assemblage found in situ in the basal 
lignites of LA2-09 (44.58-59.63 meters); and (2) a sclerophyllic and halophilic 
assemblage in all younger sediments. The first and last appearances of key palynomorphs 
in the lignites, which contain Aglaoreidia cyclops (documented for the first time in 
Australia and the Southern Hemisphere), correlate the assemblage with the Middle 
Nothofagidites asperus Zone of the Werillup Formation. While Myrtaceidites lipsis 
constrains the age of the sediments from 23.38 meters depth to the top of LA2-09 as 
Pliocene to Recent, the sequence between 23.38 and 44.58 meters has long-ranging 
palynomorphs and is likely not older than the Miocene. Above the lignites, the salt-
tolerant alga Dunaliella is used as a proxy for saline conditions. Reworking has been 
established in post-Eocene sediments because well-preserved Eocene freshwater and 
marine palynomorphs co-occur with sclerophyllic and halophilic palynomorphs. 
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The Western Australian landscape is dominated by hundreds of shallow 
ephemeral hypersaline lakes with pH values varying widely from extremely acid (pH less 
than 4) to moderately alkaline (pH greater than 8), and total dissolved solids up to 32% 
(Benison, 2008; Bowen and Benison, 2009; Benison and Bowen, 2013). These lakes are 
fed by acid saline groundwaters as well as by meteoric waters. They have an areal 
variation that goes from <1 to 100’s of km2 (Bowen and Benison, 2009), and many are 
geographically distributed in chains following the traces of ancient paleodrainages 
systems (Van de Graaff et al., 1977). The origin of these lakes is not well understood. It 
appears to be directly linked to the geological and climatic evolution of Western 
Australia, through a combination of continental evolution processes, tectonic stability and 
climatic change from humid to arid conditions influenced by the northward migration of 
the Australian plate (van de Graaff et al., 1977; Martin, 2006; Bowen and Benison, 
2009). Although there is some agreement about the fact that the ephemeral nature of 
these lakes was established during the Neogene, the timing of the onset of aridity is still 
controversial. Proposed times range from Oligocene to Pleistocene (de Deckker, 1983; 
Salama et al., 1992; Clarke, 1993; Zheng et al., 1998; Hou et al., 2003). Thus, a reliable 
stratigraphic model constraining the age of the sediments that recorded these changes is 
critical in order to understand the evolution of the lakes and the geological, floristic and 
climatic history of Western Australia. 
Palynology is a proxy used for dating sedimentary rocks from Precambrian to 
present-day, correlating between sedimentary units, and reconstructing past environments 
and floras (Traverse, 2007). However, only few studies in Western Australia have 
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demonstrated the importance of palynology for analyzing ephemeral lake sediments (e.g. 
Bint, 1981; Salama et al., 1992; Dodson and Macphail, 2004). A multidisciplinary study 
of several modern lakes in the region suggested that the age of the sediments, regional 
vegetation and other depositional conditions could be identified using palynology (Story, 
2007). Therefore, palynological analysis appears to be one of the best paleontological 
tools for constraining age and documenting floristic and climatic changes in such extreme 
environments.  
The present study is part of a multidisciplinary research project that conducted a 
drilling expedition in six lakes and one interdunal deposit in the southwestern part of the 
Yilgarn Craton in January 2009 with the aim of understanding the evolution of 
hypersalinity and acidity in the region. Ten drill cores were retrieved during this exercise. 
For this dissertation, 222 samples from four of these drill cores (Figure 1.1), two from 
Lake Aerodrome (LA1-09 and LA2-09) and two from Lake Brown (LB1-09 and LB2-
09), were qualitatively and quantitatively investigated for their dispersed organic matter 
(DOM) and palynomorph contents. The main objectives were the: (1) analysis of 
dispersed organic matter to establish palynofacies assemblages and assess their utility for 
inferring paleoenvironmental conditions; (2) morphological identifications of 
palynomorph groups (pollen, spores, algae, fungi, dinoflagellate cysts) and the 
paleoclimatic significance of the identified paleofloristic assemblages; (3) age constraints 
of the sedimentary sequences based on the stratigraphic ranges of key palynomorph taxa; 
and (4) assessment of the effects of the dynamic nature of ephemeral lake processes on 
the palynological record.  
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Figure 1.1. Location maps of Lake Aerodrome and Lake Brown in southern Western 







2. GEOLOGICAL SETTING 
2.1. INTRODUCTION 
The Yilgarn Craton in the southwest corner of Western Australia (Figure 1.1) 
extends over an area of approximately 657,000 km2 and comprises mainly Archean 
granitoid and greenstone rocks, which enclose arched belts of metamorphosed 
sedimentary and volcanic rocks (Anand and Paine, 2002). The main part of the Craton 
was formed between 3,000 Ma and 2,600 Ma, although some gneissic terrains exceed 
3,000 Ma in age (Myers, 1993). The craton has been geologically stable since the 
Mesozoic, and this condition has allowed the bedrock to be exposed to weathering 
(Bettenay et al., 1979; Mann, 1983). As a consequence, the fresh bedrock is covered by 
highly weathered and chemically altered regolith, and localized remnants of siliceous, 
ferruginous and calcareous duricrust, which range in depth from 0 to 150 meters (Anand 
and Paine, 2002). Benison et al. (2007) reported the existence of regolith in and near 
some lakes at superficial depths (0.5 meters or less), where it is mixed with the overlying 
sediments, making it difficult to distinguish between the regolith and sediments.  
The current drainage system in the Yilgarn Craton hosts chains of hypersaline 
lakes (Figure 2.1) and is actually a remnant of an ancient paleodrainage system (Van de 
Graaff et al., 1977; Salama, 1994). The time during which the incision of these 
paleodrainages started is debatable because there are no direct means to date the erosive 
surfaces of these geomorphic features. Van de Graaff et al. (1977) proposed that the 
paleodrainages were formed during the Late Cretaceous to the early Paleogene, although 
some patterns appear to have been formed since the Permian. According to Ollier et al. 
(1988) and Clarke (1994a), the incision began in pre–Jurassic times, earlier than the 
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initial break up of Gondwana. This interpretation is based on the width of the southern 
end of the Cowan paleodrainage channel near Esperance, which exceeds 10 km, and may 












Figure 2.1. Aerial photograph of chains of hypersaline lakes in Western Australia. 




that some paleorivers in the northern Yilgarn may have been started as early as Lower 
Proterozoic, and that the paleodrainage system in the south could have developed prior to 
the Late Cretaceous. De Broekert and Sandiford (2005) proposed the middle Eocene as 
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the beginning of the paleodrainage incision in southern Western Australia. This is based 
on the maximum age of infill sediments reported in the area (middle Eocene Pidinga 
Formation) and the assumption of a rapid transition between the incision and filling of the 
inset-valleys (paleodrainages).  	  
2.2. STRATIGRAPHY 
Cenozoic sediments deposited under different conditions such as fluvial, 
lacustrine, estuarine and marine filled the paleodrainages of the studied area (Salama et 
al., 1992; Clarke, 1994b; Anand and Paine, 2002; De Broekert and Sandiford, 2005). The 
drill cores used for the present study were obtained from two of these paleodrainages: 
Lake Aerodrome located within the Cowan Paleodrainage, and Lake Brown within the 
Yilgarn channel of the Avon Paleodrainage (Figure 2.2). Using data from several cores 
drilled by the Western Mining Corporation (WMC), Clarke (1993, 1994a, 1994b) and 
Clarke et al. (1996) provided the stratigraphic descriptions of the infill sediments of 
Lefroy and Cowan paleodrainages, near Norseman. Note that the stratigraphy and age of 
these paleodrainages has not been formally accepted yet. However, comparing the 
lithological units found in the drill cores with those described from the Eucla and Bremer 
basins, two sequences are recognized: an Eocene succession represented by the Eundynie 
Group and a post-Eocene succession represented by the Redmine Group (Figure 2.3). The 
Werillup Formation, Norseman Limestone and Princess Royal Spongolite represent the 
Eundynie Group in the Cowan Paleodrainage. The Redmine Group comprises the 
Revenge Formation, Cowan Dolomite and Polar Bear Formation. The ages of these units 
are based on previous palynological studies (Harris, 1989; Parker, 1988) and regional 
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stratigraphical and geological assumptions. Two major transgressions, Tortachilla (mid-
Eocene) and Aldinga (late Eocene), were reported to have affected the Cowan 
Paleodrainage (Clarke, 1993).  
Lake Brown is located within the relict Yilgarn channel, which belongs to the 
Avon Paleodrainage system (Mulcahy and Bettenay, 1972; Salama et al., 1992; Freeman, 

















Figure 2.2. Cowan, Lefroy and Avon paleodrainage systems (Modified from 
Geoview.WA on-line map service, Geological Survey of Western Australia 
http://www.dmp.wa.gov.au/7113.aspx) 	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Goldfields in the Lefroy and Cowan paleodrainages; consequently, comprehensive 
stratigraphic descriptions are absent. However, Salama (1997) presented a general 
comparison between different units present in the paleodrainages of the Eastern 
Goldfields and Wheatbelt regions in Western Australia (see Table 2.1). Eocene to 
Oligocene fluvial and lacustrine sediments that are commonly found in paleodrainage 
systems in other parts of the Yilgarn Craton, as well as any evidence of marine 

















Figure 2.3. Lithostratigraphic description of the Cowan Paleodrainage (Modified from 
Clarke, 1993) 
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The oldest sediments recorded within the Avon Paleodrainage are those of the 
Salt River Group (Quairading Sandstone and Yenyening Formation) of probably 
Oligocene to Miocene age, which (Salama (1994, 1997) identified in Yenyening Lake. 
Alluvial and lacustrine sediments with variable thicknesses dominate this paleodrainage 




Table 2.1. Comparison between lithological units present in different paleodrainages in 










(Salama et al. 1992 
Pleistocene Alluvial  Salt and clay 
Pliocene-Holocene  South Caroline Clay Gypsiferous layers Bonsers Claystone   
Oligocene-Miocene  Yenyening Formation  Kodj kodjin Sandstone Quairading Sandstone  
Late Eocene Konojup Sandstone   
Middle Eocene Forsyth’s Conglomerate   
Early Eocene-
Paleocene 




2.3. LAKE CHARACTERISTICS 
Hypersaline ephemeral lakes occupying the closed basins in the Yilgarn Craton 
represent the modern inland drainage system (Freeman, 2001; Anand and Paine, 2002; 
Benison et al., 2007). These lakes have total dissolved solids greater than 20% (up to 
32%), pH values that vary from extremely acid (pH less than 4) and moderately acid (pH 
4-6) to neutral (pH 6-8), are Na-Cl-S04-Mg rich, and precipitate a unique mineral suite 
indluding halite, gypsum, jarosite, alunite, kaolinite, goethite and hematite (Benison et 
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al., 2007; Benison and Bowen, 2013). The lake basins are characterized by a combination 
of ephemeral lake, sandflat/mudflat, ephemeral channel and dune facies (Benison, 2008; 
Benison et al., 2007). Although most are geographically distributed in chains following 
the traces of ancient paleodrainage systems (Van de Graaff et al., 1977), their pH 
distribution has a high spatial diversity (Benison et al., 2007; Bowen and Benison, 2009). 
This contrasts with the generalized low pH values found in the groundwater in the region 
(Bowen and Benison, 2009). The great variation of pH values in lakes depends on the 
size, location and geological setting of each lake; lakes located in perched aquifers, with 
localized acid buffers and large sizes, tend to be less acidic (Bowen and Benison, 2009). 
The processes experienced by the ephemeral lake systems can be characterized into three 
main stages of flooding, evapoconcentration, and desiccation (Benison et al. 2007, 
Benison and Bowen, 2013). The impact of each stage in the sedimentary record creates a 
very dynamic situation, whereby each stage has its own characteristic feature, such as 
precipitation or dissolution of minerals, reworking of sedimentary and fossil material, and 
creation of sedimentary facies. These stages operate at different spatial and temporal 
scales, and it is possible for the lakes to experience the cycle of all three stages during 
decades (desiccation stage can last several years), during one season (winter, spring, 
summer, autumn), since flooding can last for several months; or even during a single day 
(Sanchez Botero et al., 2011, Benison and Bowen, 2013).  
De Deckker (1983) classified hypersaline lakes in Australia into four types, based 
on their morphology: larger closed basin, small closed basin, crater lakes and coastal 
lakes. Lake Brown and Lake Cowan are large closed basin lakes (Lake Aerodrome may 
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be considered a small closed basin by itself since it is a peripheral part of Lake Cowan). 
Benison et al. (2007) illustrated the settings of these lakes as shown in Figure 2.4. 
It appears that the origin of the hypersaline lakes is closely linked to the tectonic 
stability and climatic evolution of Western Australia. The lack of orogeny and climatic 
change from humid to arid conditions resulted in the cessation of water flow in the 
paleodrainages (Van de Graaff, 1977). The timing of the onset of aridity is still 
controversial. Although there is some agreement about the fact that the ephemeral nature 
of the lakes was established during the Neogene, the exact time is still debatable. 
Estimates range from the Oligocene to Pleistocene (de Deckker, 1983; Salama, et al., 









Figure 2.4. Geological settings of saline lakes in Western Australia. A, B) Lakes on thin 
laterally discontinuous Cenozoic sediment. C) Lake situated directly on Archean 
bedrocks. D, E) Lakes hosted by loose sediments (Modified from Benison et al., 2007).	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3. LITERATURE REVIEW 
Several palynological studies of the Cenozoic sediments in Australia have 
attracted attention, especially for oil and mineral exploration, because they contain 
valuable information about climatic, environmental, floristic and stratigraphic variations 
that the continent has experienced. However, the vast majority of these studies have 
focused on the eastern and southern parts of the continent (Cookson, 1950, 1953; 
Cookson and Pike, 1953; Stover and Evans, 1969; Stover and Partridge, 1973, 1982; 
Dodson, 1977, 1983; Mildenhall and Crosbie, 1979, Luly, 1997, McKenzie and Kershaw, 
2004; Kershaw and Van Der Kaars, 2007; Kershaw et al., 2007). Although not as 
abundant as in other parts of the country, there are palynological studies in Western 
Australia about the onset of aridity, the effects of aridity on vegetation during the 
Neogene, and diversity of plants. Salama (1994) conducted one of these studies on 
sediments from Lake Deborah East. He concluded that the sediments were not older than 
Miocene because of the presence of arid-tolerant pollen, which are similar to taxa of  
present-day vegetation (Chenopodiaceae, Haloragaceae, Asteraceae, Mimosaceae, and 
Myrtaceae), and the absence of Paleogene age markers (e.g. Nothofagus).  
Working on a suspected Cretaceous meteor crater, the Yallalie crater, located 
about 220 km north of Perth, Dodson and Ramrath (2001) integrated paleomagnetic 
record, sedimentology, geochemical analysis, pollen, charcoal and diatoms to date the 
sediments back to the late Pliocene. Their results indicated that a regular cooling trend 
did not dominate the climate during the Pliocene, which experienced episodes of 
variability. The pollen record showed that the vegetation was similar to that of the 
present-day. 
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Dodson and Macphail (2004) studied 110 meters of late Neogene lacustrine 
sediments, also from the Yallalie crater. They identified three episodes of aridity around 
2.90 Ma, 2.59 Ma and 2.56 Ma within and beyond the crater. They were uncertain if 
these episodes reflected a general trend in the middle latitudes of the Southern 
Hemisphere. They concluded that the Pliocene was a warm epoch that experienced a 
gradual cooling trend towards the Quaternary. 
Focusing also on the Pliocene epoch, Dodson and Lu (2005) studied the fossil 
pollen record and grain size variation of the sediments in the Yallalie basin. They 
identified three aridity episodes around 2.59 Ma, 2.56 Ma and 2.588 Ma, based on 
increase in Chenopodiaceae pollen and decrease in humid woodland pollen. Grain size 
analysis defined cycles of wetting and drying between 2.59 and 2.56 Ma, which match 
with sub-Milankovitch time scales. 
The climate during the Holocene is also debatable, since it is not clear if it was 
wetter or drier than the present-day climate. Newsome and Pickett (1993) studied two 
swamp sequences located in southwestern Western Australia, namely Boggy Lake (south 
of the Walpole-Nornalup National Park) and Loch Ness Swamp (in the Yanchep National 
Park, north of Perth). Their results did not support climatic change during the mid-
Holocene; earlier studies suggested that this interval was either wetter (Churchill, 1968) 
or experienced an arid phase (Semeniuk, 1986). 
Western Australian vegetation has been the focus of other studies. Van der Kaars 
and De Deckker (2003) used the pollen assemblage distribution found offshore Western 
Australia to define five bioclimatic zones, which they related to rainfall seasonality, total 
amount of rainfall, and geographical vegetation distribution. The five zones are the: (1) 
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open Eucalyptus forest and woodland of northern Western Australia with high summer 
rainfall; (2) open Eucalyptus forest, Acacia shrubland and grasses of northwestern 
Australia, with low summer rainfall; (3) open Acacia shrubland, grasslands and grasses of 
northwestern Western Australia, with low summer rainfall; 4) open Acacia shrubland of 
central Western Australia, with low summer and winter rainfall; and 5) open Eucalyptus 
forest and mixed shrublands of southwestern Western Australia, with low winter rainfall. 
The fidelity of the pollen record as a reflection of the vegetation in southwestern 
Australia was the focus of a study by Newsome (1999). He recorded the type of 
vegetation in two regions and located pollen traps to identify the pollen assemblages. 
Using the statistical programs TWINSPAN and detrended correspondence analysis, he 
found moderately strong relationships between pollen assemblages and vegetation types. 
Palynological studies on sediments older than Pliocene have focused on the 
lignitic units deposited in several paleodrainages and surrounding basins of Western 
Australia, especially the Werillup Formation. Cockbain (1968) studied a lignitic 
formation found in a core drilled in the southwestern corner of Western Australia. He 
defined this unit as the Werillup Formation, and used its palynological contents to infer a 
probable late Eocene age. 
Stover and Partridge (1982) studied the spore and pollen assemblage of the 
Werillup Formation in cores drilled near the Fitzgerald River area in the southwest corner 
of Western Australia (Bremer Basin, south of Yilgarn Craton). They noted that the well-
preserved assemblage was most similar to assemblages found in the Gippsland Basin in 
southeastern Australia. Therefore, they confirmed that the correlation of stratigraphically 
restricted species to the zones established in the Gippsland Basin was useful for dating 
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the Western Australian sediments. They interpreted the age of the Werillup assemblage 
as late middle to early late Eocene. The assemblage is dominated by angiosperm pollen, 
especially Nothofagus and Proteaceae. They interpreted the scarcity of marine 
palynomorphs as evidence of a mostly terrestrial origin for the assemblage. Many species 
previously identified only in South Australia and the southeastern part of Australia were 
reported for the first time in Western Australia, increasing the similarities between the 
east and west basins in the country. 
Hos (1975) analyzed a diverse microfossil assemblage recovered from the 
Werillup Formation in the Werillup Nº 17 drill core near Albany in the southwestern 
corner of Western Australia (Bremer Basin). He found that the assemblage was 
composed mostly of angiosperm pollen, although few spores and gymnosperm pollen 
were present. He also recovered dinoflagellate cysts that were useful for establishing a 
late Eocene age. The ecological characteristic of this assemblage suggested a warm and 
humid climate. 
Parker (1988) and Harris (1989), in internal reports for mining companies, 
described palynological assemblages in lignites from Lake Cowan and Lake Dundas, just 
a few km to the southeast of the Lake Aerodrome cores. Both of them concluded the 
assemblages were middle Eocene to late Eocene in age. Harris (1989) also identified 12 
dinoflagellate species in his assemblage and related their presence to occasional marine 
incursions. The palynological contents and the stratigraphic position of these lignites 
allowed Clarke (1993) to correlate the infill sediments to the Werillup Formation. He 
suggested that the Werillup Formation could be widespread along the south coast of 
Western Australia. 
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Milne (1988) described a diverse palynoflora that included pollen, spores, algae 
and dinoflagellate cysts in a lignitic sequence deposited in a valley system in the western 
margin of the Eucla Basin. She correlated the marine dinoflagellate cyst assemblage with 
zones established for the Otway and Gippsland basins in southeastern Australia, and 
dated the assemblage as late Eocene to early Oligocene. The spore-pollen assemblage 
contained species that were similar to late Eocene to early Oligocene assemblages in the 
Murray Basin in southeastern Australia. However, she did not correlate the lignites to the 
Werillup Formation. 
Differences between the Eocene palynological assemblages in the eastern and 
western parts of Australia were described by Itzstein-Davey (2004). She studied samples 
from Lake Lefroy located northwest of Norseman, which indicated that the 
paleovegetation was dominated by species of Nothofagus, although Proteaceae pollen 
was also an important component of the assemblage. Her study concluded that there were 
major differences in the diversities and abundances of the palynological assemblages 
between the eastern and western floras during the Eocene. 
Al-Shawareb (2009), in an unpublished thesis, studied the palynology of lignitic 
units of the Werillup Formation near Albany. He described a very rich and diverse 
angiosperm-dominated assemblage with 129 spore and pollen species, of which 66 were 
considered new. This assemblage correlates with the late Eocene Middle Nothofagidites 
asperus Zone established for southeastern Australian. 
There are similarities between the early Pliocene assemblages in Lake Tay, 
southwest of Norseman described by Bint (1981) and southeastern Australia, suggesting 
that floristic differences were less pronounced at that time. However, one of the major 
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findings of this study was the presence of Nothofagus and podocarpaceous (bisaccate) 
pollen, which are indicative of wet climate. Since Nothofagus was considered to be 
extinct in Western Australia before the Pliocene, he suggested that the plants survived in 
wet-climate refugia. 
The present study documents palynomorphs recovered from Lake Aerodrome 
(part of Lake Cowan) and Lake Brown drill cores, especially in sedimentary sequences 
previously considered as barren. It provides a comprehensive view of the climatic and 
floristic changes during the Cenozoic of Western Australia, and data is used to 
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4. METHODS 
4.1. CORE DRILLING 
The four cores used in this study were drilled in two lakes: Lake Aerodrome and 
Lake Brown (Figure 1.1). Two cores were drilled in each lake, either for comparison 
purposes or for logistic reasons due to adverse climatic conditions that affected the 
drilling process. For example, drilling of the first core in Lake Aerodrome was halted due 
to a rainstorm that caused the drill rig to sink into the lake sediment. The cores used are: 
LA1-09 drilled in the middle of Lake Aerodrome; LA2-09 located in a sandflat on the 
shore of Lake Aerodrome; and LB1-09 and LB2-09 drilled in the southern and northern 
parts of Lake Brown. The length and reference location of each core is indicated in Table 
4.1. Each drill core was identified to reflect the locality, the number of the core and the 
year of drilling (e.g. identifier for Lake Brown is LB, and the cores were labeled as LB1-




Table 4.1. Lengths and reference locations of the drill cores. 
 
Drill Core Coordinates Length (Meters) Lake 
LA1-09 S 32.20951º E 121.76069º 21.63 Lake Aerodrome 
LA2-09 S 32.20885º E 121.76126º 59.64 Lake Aerodrome 
LB1-09 S 31.12854º E 118.30765º 24.12 Lake Brown 




The cores were drilled by Boart Longyear’s semisonic drill Rig 1415 using the 
Rotosonic drilling technique (Figure 4.1). This technique was preferred because it 
allowed a better recovery of sediments, minimized the chance of dissolution of evaporitic 
sediments, and reduced the possibility of contamination from drilling mud because fluids 
were not used during the drilling process. Purified water transported to each drill site was 
used only to rinse the inside of core barrels after the retrieval of sediments. One limitation 
of this technique was that the maximum length of the drill cores was limited to 
approximately 60 meters. Below this depth, the chance of damage to core liners and cave-
in of sediments increased. Tubes of plastic core liners (1.5 meters long and approximately 
10 cm. in diameter) were used to retrieve the cored sediments. After using a portable 
handsaw to open a vertical lengthwise cut of approximately 4 cm. wide in each retrieved 
liner, a knife was used to expose the sediments for brief description and measurement at 
the drill site. Features noted included sediment colors, sedimentary structures, grain sizes, 
length of each unit, water pH and the presence of concretions or minerals. After 
description and measurement, the cores in the plastic core liners were wrapped with 
plastic bags, sealed with duct tape, and transported to the Joe Lord Core Library at the 
Geological Survey of Western Australia in Kalgoorlie. At this facility, the core sections 
were split in three parts using a rock saw. One part of the core was described, measured, 
digitally scanned, photographed and sampled for multiple studies, the second part of each 
core was archived at the core library, and the third section was shipped to United States 
for archiving and further sampling if needed. The sedimentary and stratigraphic 
information collected during fieldwork and detailed descriptions in the core library was 




4.2. SAMPLE PROCESSING AND ANALYSES 
Samples targeted for palynological analyses are usually selected from dark gray 














Figure 4.1. Drilling and coring at the four studied sites. A) Inside the southern part of 
Lake Brown (LB1-09). B) Inside the northern part of Lake Brown (LB2-09). C) Inside 
Lake Aerodrome (LA1-09). D) On the shore of Lake Aerodrome (LA2-09). 
 	  	  
colored sediments are normally excluded. This is based on the assumption that the red 
color is the product of an oxidizing environment of deposition, and therefore does not 
preserve palynomorphs well (Traverse, 2007). However, because observations of 
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hematite being precipitated at very early stages suggested that long periods of organic-
destroying oxidation did not occur (Benison, 2008; Benison et al., 2007; Bowen and 
Benison, 2009; Bowen et al., 2012), samples used for palynology were obtained from 
dark horizons, as well as red sandy and silty sediments, and halite and gypsum rich 
horizons, in order to obtain a more robust dataset. A list of the analyzed samples from the 
four drill cores is presented in Appendix A. 
Two hundred and forty-two samples were processed for palynology at the Geolab 
Laboratories in Medicine Hat, Alberta, Canada; however. Of these, 20 samples were 
excluded from the results because they were located in horizons later interpreted as caved 
in zones. Four duplicate samples were processed at Missouri University of Science and 
Technology in order to replicate the results for key horizons (see section 6). The samples 
were processed using the standard palynological techniques of acid digestion of 
sediments in hydrochloric and hydrofluoric acids (Faegri and Iversen, 1989). Kerogen 
slides were prepared from unoxidized residues, whereas oxidized residues were sieved 
with a 10µm mesh and subjected to heavy liquid separation (Lorente and Ran, 1991). 
Ultimately, 222 samples (144 sieved and 220 kerogen slides) were used for detailed 
morphological analysis of palynomorphs and identification of dispersed organic matter 
(DOM), respectively. Two tablets of Lycopodium spores were added to each sample prior 
to processing in order to quantify palynomorph abundance (Stockmarr, 1971, see Figures 
5.10 to 5.14).  
A Leica CME transmitted light microscope (Microscope # 3 in the Paleontology 
Laboratory at Missouri University of Science and Technology) was used for routine 
identification and counting of palynomorph and DOM. Photomicrographs of 
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palynomorphs and DOM were taken under 1000x magnification using a Nikon Eclipse 
50i transmitted light microscope equipped with a Nikon DS-Fi1 digital camera, which 
was controlled by the software NIS-Elements D version 3.10 (SP3). One LA2-09 sample 
(MST-1153-S1) located at 54 meters depth, was used for scanning electron microscopy 
(SEM). This residue was mounted on an aluminum stub, coated with carbon, and 
analyzed with a Hitachi S-570 scanning electron microscope. 
The number of palynomorphs counted in the slides was influenced by the 
productivity of the samples. A maximum number of 300 grains of pollen and spores was 
counted in each slide when was possible, and at the same time, algae and fungi were 
counted separately. The standard maximum number of grains counted for palynological 
analyses can vary from 250 to 300. Although this appears to be an arbitrary number, 
several authors have established that there is little significant shift in the relative 
percentage of each target category after 200-250 counts (Barkley, 1934; Maher, 1972, 
1981; Hill, 1996). Rull (1987) calculated the variations in the widths of the confidence 
intervals for different numbers (counts), and concluded that a count of 200 palynomorph 
grains was statistically sufficient to produce reliable estimates of the real percentage of 
each taxon or category in the sample.  
The morphological characteristics of palynomorph specimens recovered in the 
samples were compared with published literature on Australian and global Cenozoic 
palynology in order to identify taxa to family, genus or species level when possible. 
Literature used included Cookson (1959), Erdtman (1960), Fowler, (1971), Frederiksen 
(1980), Stover and Partridge (1982), Milne, (1988), Macphail (1999), Jordan and 
Macphail (2003), Macphail and Hope (2003), Itztein-Davey (2004), Tornhill and 
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Macphail (2012), and on-line databases (Newcastle Pollen Collection, 2005; Raine et al., 
2011). Morphological characteristics were described following the terms proposed by 
Punt et al (2007). Key taxa were located using the England FinderTM coordinate system. 
Distribution charts of palynomorphs and dispersed organic matter were plotted using 
Tilia software, version 1.7.16 (Grimm 1992). The charts were sometimes visually 
enhanced using Inkscape and Canvas X™ graphic softwares. 
The stratigraphic ranges of key palynomorph taxa identified were correlated with 
the zonation of Partridge (2006) for the Gippsland Basin in southeast Australia for 
relative age determination. This particular zonation was used because the floristic 
similarities between these two regions increased the certainty of age determination 
(Stover and Partridge, 1982). 
Identification of DOM in the kerogen slides followed the classification scheme of 
Oboh-Ikuenobe et al. (2005). A maximum number of 300 dispersed organic particles 
were pointed counted per sample at a magnification of 400x, and then converted to 
percentages in order to determine their relative abundances. Three hundred point counts 
are enough to reach a reliability of 95% of the real percentage in each sample (van der 
Plass, 1965). Multivariate statistical analyses (principal components analysis [PCA] and 
stratigraphically constrained incremental sum of squares cluster analysis) were performed 
for the DOM data, using the MVSP software version 3.14 developed by Kovach (2002) 
and CONISS (Grimm 1987), respectively. PCA analysis has the advantage of identifying 
the most statistically relevant DOM components. Stratigraphically constrained 
incremental sum of squares cluster analysis works by merging clusters that are 
24	  
stratigraphically adjacent. Therefore, the DOM contents and stratigraphic positions of the 
samples quantitatively constrain stratigraphic zones (Grimm 1987).  
Slides of all the samples used in this study are stored as a repository collection in 
the Paleontology Laboratory at Missouri University of Science and Technology. The 
slides have consecutive repository numbers representing sieved and kerogen samples as 
follow: MST-1001-S1 to MST-1169-S1 (sieved) and MST-1001-K1 to MST-1169-K1 
(kerogen) for Lake Aerodrome; MST-1174-S1 to MST-1238-S1 and MST-1170-K1 to 
MST-1240-K1 for Lake Brown. Repository numbers are also stored at the Missouri S&T 
Library’s Scholar’s Mine. Researchers requesting access to these slides can contact the 
Chairman, Department of Geological Sciences and Engineering, 129 McNutt Hall, 1400 
Bishop Avenue, Rolla, MO 65409-0410, USA.




Lithological interpretations are based on the information obtained from brief 
descriptions of the sediments during fieldwork, detailed descriptions at the Joe Lord Core 
Library in Kalgoorlie, and scanned images of the cores. The Lake Brown and Lake 
Aerodrome drill cores comprise mostly clay, banded clay, sand, sand mixed with clay and 
silt, and layers of halite (frequently towards the top) and gypsum. However, the setting of 
each lake influenced the total depth drilled. While the two Lake Brown drill cores (LB1-
09, LB2-09) encountered highly weathered bedrock (regolith) between 25 and 30 meters 
depth, the second Lake Aerodrome core (LA2-09) was drilled down to 59.64-meter depth 
without reaching the bedrock. LA1-09 was abandoned at 20.45 meters due to rainfall 
during drilling on the dry lakebed. 
5.1.1. Lake Aerodrome. In LA1-09 and LA2-09 drill cores (Figures 5.1 
and 5.2), crystals of halite and gypsum occur near the top, while, bottom-growth gypsum, 
iron concretions and sulfur blebs are widespread through both cores. Pyrite is present in 
the bottom 17 meters of LA2-09, becoming more common down hole.  
The LA1-09 core (Figure 5.1) has a thin salt crust (halite and gypsum) mixed with 
mud at the very top, followed down hole by clay, an unit of sand, and alternating clay, 
silt, marbled clay and banded clay units. Below 11.25 meters, the lithology becomes 
entirely dominated by banded clay. Gypsum crystals are present from the very top to 
around 11 meters depth, mostly restricted to silt units. Iron concretions are present 














































 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
 
 
Figure 5.1. Stratigraphic column of LA1-09 core. 
27	  
are found in a clay unit at 8.5 meters and in a marbled clay unit at around 10 meters 
depth. The colors of the sediments vary from red, maroon, yellow to pale blue. The top 
mud-salty crust, and the clays below it are red, while the sand unit underlying the clays is 
pale blue with red and yellow bands. The two clay units below this sand at 0.75 meters to 
1.3 meters are maroon colored, the underlying silt units are mostly red, while the rest of 
the units down hole have bands of three colors: pale blued, red and yellow. These colors 
are interpreted as evidences of diagenetic processes (Benison et al. 2007; Bowen and 
Benison, 2009; Benison et al., 2011). 
The lithology of the LA2-09 core (Figure 5.2) is more diverse than that of the 
LA1-09 core, with silt, clay, banded clay, marbled clay and lignite as the main 
lithological units present in the core. The top of the core (0 to ~1.7 meters) is dominated 
by red colored mud, clay and silty clay, and it is common to find gypsum crystals and 
iron concretions. Below this depth, the lithology varies from clay, banded clay, marbled 
clay to some silt units. The color of these units is not uniform; most of them have three 
dominant colors (red, yellow and pale blue) while others may occasionally have white, 
gray, dark gray or red bands or spots. Based on geochemical and mineralogical analyses, 
Story (2012) interpreted a white, very fine-grained unit located between 28.16 meters and 
30.50 meters as dolomite-rich clay. Below 44.81 meters until the base of the core at 59.68 
meters, two black units interpreted to be lignite and separated by 1.2 meters of clay 
complete the sequence retrieved in this core.  
Gypsum crystals become less common after the top first 1.5 meters, but are found 







































































































Figure 5.2. Stratigraphic column of the LA2-09 core. 
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at several horizons from 1.8 meters to 41.2 meters and are not restricted to any lithology 
in this interval. They are, however, absent from the bottom lignitic and clay units. Sulfur 
blebs are only found in a banded clay unit between 12.7 meters and 14.40 meters, in a 
unit of clay at 40 meters, and in a silty clay unit at 41.6 meters. Pyrite is restricted to the 
dark gray clay and in the two lignitic units in the basal 16.6 meters of the core. 
The contacts between the units in both Lake Aerodrome core appear to be 
unconformable. Changes in lithology are abrupt, and there are huge differences in color, 
grain sizes and diagenetic features (e.g. gypsum crystals). The exception to this is the 
contact between the dark gray clay unit in LA2-09 (42.2 to 44.9 meters) and the overlying 
lignitic unit, where the change appears to be transitional. This interpretation is reinforced 
by the common presence of pyrite, the dark color, and the palynological and DOM 
contents in both units (see section 5.2.1).  
5.1.2. Lake Brown. The lithological interpretations of LB1-09 (24.52 m deep)  
and LB2-09 (26.36 meters deep) are illustrated in the Figures 5.3 and 5.4, respectively. 
From top to bottom, both cores have a crust of halite, followed by bedded halite, and 
interbedded units of mud, sand, silt and clay. Occasionally, mixtures of different grain 
sizes occur in the same unit (e.g. silty clay). It is common to find diagenetic features such 
as displacive gypsum crystals and iron concretions dispersed throughout both cores. As 
noted in Lake Aerodrome, the sediments have yellow, red, maroon, pink, orange and blue 
colors that are suggestive of diagenetic processes (Benison et al., 2011). In contrast to the 
Lake Aerodrome cores, the Lake Brown cores tend to have coarser grained units (quartz 
































































Figure 5.3. Stratigraphic column of the LB1-09 core. 
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LB1-09 (Figure 5.3) has a 10 cm-thick crust of halite at the very top of the core, 
which represents the surface of the lake. The sequence that followed towards the bottom 
is composed of sand, silty clay and clay. Sand units are more common and thicker in the 
top 7 meters, while clay and silty clay become more common from 7.5 to 20.5 meters. 
The sediments in the top 10 meters are mostly gray colored, with some orange and yellow 
bands and spots, while below ~10.5 meters the sediments have red, purple and pale blue 
colors, with yellow, orange and maroon spots and bands. The drill core intercepted the 
regolith at 20.55 meters. The regolith is composed of highly weathered crystalline rock 
and is the bedrock in the area.  
Halite crystals are present only in the crust located at the top, while bottom-
growth gypsum crystals are found in the first meter of sediments and again at ~18 meters 
depth. Iron concretions are present from 2 meters to 20.3 meters and are common in 
sands, clays and silty clays.  
LB2-09 (Figure 5.4) also has a 33 cm-thick crust of halite sandy gravel, sand, silty 
clay, and clay comprise the lithologic units retrieved from the core. In contrast to the 
LB1-09 core, coarse-grained units (sandy gravel and sand) are thicker and common down 
core (below ~12.7 to 25.65 meters) while finer-grained beds are usually dominant above 
12.7 meters. Nevertheless, coarse- and fine-grain units are interbedded throughout the 
core. The top of the regolith is located at 26.5 meters. The diagenetic colors of the 
sediments are gray, red, pale blue, yellow, orange, pink and maroon. The sediments at the 
top are mostly gray colored with some red and black bands. Red colored sediments are 




































































Figure 5.4. Stratigraphic column of the LB2-09 core. 
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colors are intermixed. Below this depth, the sediments are dominantly pale blue, with 
mottles and bands of yellow, red, maroon and pink colors.  
Halite is present in the 30 cm crust in the top, again in the silty clay at 4 meters 
depth, and in a clay unit at 5.7 meters. Gypsum crystals are present in a gray clay unit at 
1.8 meters depth, and again in a gray and red sand layer at 3 meters. Iron concretions are 
found dispersed from the 6.9 to 26 meters section, and are not restricted to any type of 
sediment. It is common to find them in sand, clay, silty clay and in the sandy gravel units.  	  
5.2. DISPERSED ORGANIC MATTER 
Two hundred and twenty samples (22, 134, 41 and 23 in LA1-09, LA2-09, LB1-
09 and LB2-09, respectively) were analyzed for dispersed organic matter (DOM). 
Identification and quantification of eight types of organic components (Table 5.1) 
followed the classification proposed by Oboh-Ikuenobe et al. (2005). These components 
are as follow: comminuted phytoclasts, structured phytoclasts, degraded phytoclasts, 
opaques, amorphous organic matter, pollen and spores, fungal remains, and algae (Figure 
5.5). Point counts for the drill cores are shown in Appendix A. The most abundant 
component in all the drill cores was comminuted phytoclasts. Less common but abundant 
were structured phytoclasts in Lake Aerodrome and degraded phytoclasts in Lake Brown. 
However, variations in the abundances of both major and minor organic components, as 
well as their statistical relevance, allowed some interpretations about the deposition 
environment and climatic conditions. Principal components analysis (Tables 5.2 and 5.3) 
and stratigraphically constrained total sum of squares cluster analysis (Figures 5.6, 5.7, 
5.8 and 5.9), confirm that comminuted, structured and degraded phytoclasts have the most 
statistical significance in the data set. Amorphous organic matter, although rare in few 
34	  





Table 5.1. List of categories and description of Dispersed Organic Matter  
 
Category Dispersed Organic Matter Descriptions 
Phytoclasts 
Structured phytoclasts 
Fragments derived from terrestrial plants with 
internal cellular structures or sharp outlines, 
such as cuticles and tracheids. They usually 
range in color from light to dark brown. 
Comminuted phytoclasts Fragmented plant remains occurring as small pieces <5µm.  
Degraded phytoclasts Highly degraded plant fragments without distinct cellular structure. 
Opaque Phytoclasts Oxidized or carbonized woody particles.  
Unstructured 
organic matter Amorphous organic matter 
Structureless organic material derived mainly 
from degradation of phytoplankton. They 
appear fluffy with colors ranging from 
colorless to pale brown. 
Palynomorphs 
Pollen and spores Palynomorph grains derived from terrestrial plants. 
Fungal remains Dark brown spores, hyphae and fruiting bodies. 




5.2.1. Lake Aerodrome. The principal component analyses for LA1-09 and  
LA2-09 are shown in Table 5.2. These results show that structured and degraded 
phytoclasts are the most statistical significant components in both drill cores, although 
comminuted phytoclasts also plays an important role in LA1-09 drill core. The relative 
abundances of dispersed organic components for LA1-09 and LA2-09 are illustrated in 







































5.2.1.1. Palynofacies of LA1-09 Core. Structured phytoclasts have higher relative  
abundances in the shallowest samples until 6.3 meters, and then decrease below this 
depth. In contrast, degraded phytoclasts are fewer in the top samples while they increase 
in abundance below 11.24 meters. Comminuted phytoclasts are the most abundant 
components; although they have slightly lower percentages towards the top (e.g. 1.99, 
2.8, and 4.5 meters depth in cores), they are very abundant throughout the core.  	  	  	  
Table 5.2. Principal component values for the Lake Aerodrome data set. The asterisk 
indicates absolute value > ± 0.1; LA1-09: Eigenvalues (Axis 1) = 1516 (77.340% of total 
variance); Axis 2= 184 (9.403%). LA2-09: Eigenvalues (Axis 1) = 2308 (55.784%); Axis 
2= 1462 (35.335%). 
 
LA1-09 
DOM Axis 1 Axis 2 
Structured phytoclasts 0.968* 0.115* 
Degraded phytoclast 0.181* 0.769* 
Comminuted phytoclasts -0.181* 0.017 
LA2-09 
DOM Axis 1 Axis 2 
Structured phytoclasts 0.938* 0.337* 
Degraded phytoclast 0.333* 0.929* 	  	  	  
Stratigraphically constrained total sum of squares cluster analysis resulted in the 
identification of two palynofacies assemblages in LA1-09 (Figure 5.6). Comminuted, 


















































































































Figure 5.6. Distribution chart or relative abundances of DOM and cluster analysis in 
LA1-09 core. 
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samples in the two palynofacies assemblages. Assemblage I (from 20.68 to 5.87 meters) 
has two sub-clusters, I-A and I-B. Assemblage I-A (20.68 to 16.91 meters) is represented 
by five samples characterized by the rare degraded phytoclasts (0-0.67%), few structured 
phytoclasts (3.33-10.67%) and high percentages of comminuted phytoclasts (87.3-96%). 
Algae are rare (0.33-0.67%) but represent the highest numbers recovered in the core. The 
11 samples comprising assemblage I-B (16.91 to 5.87 meters) can be distinguished from 
assemblage I-A because of slightly higher percentages of degraded phytoclasts (0-2%) 
and structured phytoclasts (2-25.67%).  
Assemblage II (5.87 to top of core) is represented by six samples. The 
characteristics of the major components are as follow: comminuted phytoclasts (59-98%), 
degraded phytoclasts (0-1%), and structured phytoclasts (1.33-43%). Other components 
are mostly less than 2% or absent in the two assemblages.  
5.2.1.2. Palynofacies of LA2-09 Core.  The top 20 meters of sediments are  
dominated by low relative abundances of degraded phytoclasts and high percentages of 
structured phytoclasts. Other components (comminuted phytoclasts, algae, pollen and 
spores), exhibit moderate to high percentages in this section. A shift in the relative 
percentages occurs between 20 to around 35.5 meters, where the lowest percentages of 
degraded and structured phytoclasts occur. The bottom 24 meters (below 35.5 to 59.6 
meters) is characterized by increases in degraded and structured phytoclasts.  
Four palynofacies assemblages were identified in the core (Figure 5.7). 
Comminuted, degraded and structured phytoclasts appear to be the main components 



















































































































Figure 5.7. Distribution chart or relative abundances of DOM and cluster analysis in 
LA2-09 core. 
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and spores) had a minor influence. Assemblage I (59.51 to 35.58 meters) comprises 53 
samples subdivided in two sub-clusters, I-A and I-B. The 35 samples in assemblage I-A 
(59.51 to 45.08 meters) have the following characteristics: degraded phytoclasts (0-22%); 
comminuted phytoclasts (56.33-95.33%), and structured phytoclasts (0-38%). Eighteen 
samples comprise assemblage I-B (45.08 to 35.58 meters), which is characterized by 
slightly fewer structured phytoclasts (0-16%) than assemblage I-A. The other phytoclast 
groups have similar abundances to assemblage I-A as follow: structured phytoclasts (0-
39.8%) and comminuted phytoclasts (59.6-97.3%). 
Thirty-eight samples comprise assemblage II (35.58 to 20.21 meters). They are 
characterized by the lowest percentages of degraded phytoclasts in the core (0-1%), few 
structured phytoclasts (0-6%), rare pollen and spores (0-0.67%) and very high relative 
abundances of comminuted phytoclasts (91.7-100%).  
Assemblage III (20.21 to 5.78 m) has 31 samples, which is defined by relative low 
relative abundances of degraded phytoclasts (0-3.67%), rare opaques (0-0.67%), few 
algae (0-5%), variable amounts of structured phytoclasts (3-15.67%), and high 
percentages of comminuted phytoclasts (80.33-95.33%).  
Assemblage IV (5.78 meters to top of core) consists of 13 samples characterized 
as follows: structured phytoclasts (1.33-36.33%), comminuted phytoclasts (62-98.33%), 
and degraded phytoclasts (0-5.33%). Pollen and spores increase slightly in this 
assemblage, ranging from 0 to 1.33%. 
It is worth noting that algal component identified in this study consists of two 
major types: the freshwater colonial form Botryococcus braunii in the bottom ~15 meters 
of lignites and clays in LA2-09 (see Figure 5.2), and the salt-tolerant algal cyst Dunaliella 
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in the sediments overlying the lignites and throughout LA1-09. Botryococcus is also 
present in some samples above the lignitic units where it is reworked (see discussion in 
section 7.6). 
5.2.2. Lake Brown. Comminuted phytoclasts dominate the DOM in this lake, 
followed by degraded and structured phytoclasts, and principal components analysis 
indicates that the most statistically significant components are structured phytoclasts, 
confirms that these three components are statistically significant (Table 5.3). Besides the 
down hole decrease in the relative abundances of structured phytoclasts degraded 
phytoclasts, and pollen and spores in both drill cores, there are no other apparent trends 
based on depth or lithological changes. Relative abundances of the DOM in cores LB1-09 




Table 5.3. Principal component values for the Lake Brown data set. The asterisk indicates 
absolute value > ± 0.1; LB1-09: Eigenvalues (Axis 1) = 3725 (78.110% of total variance); 





DOM Axis 1 Axis 2 
Structured phytoclasts 0.937* 0.192* 
Degraded phytoclasts -0.267* 0.666* 
Comminuted phytoclasts -0.070 0.676* 
LB2-09 
DOM Axis 1 Axis 2 
Structured phytoclasts 0.968* 0.063 
Degraded phytoclasts -0.145* 0.881* 
Comminuted phytoclasts -0.149* 0.441* 
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5.2.2.1. Palynofacies of LB1-09 Core. The top 10 meters of sediments in the core  
are dominated by relatively high abundances of structured, degraded and opaque 
phytoclasts, with few pollen and spores. Comminuted phytoclasts exhibit moderate to 
high percentages in this depth range. Below 10 meters, comminuted phytoclasts increase, 
while degraded phytoclasts, structured phytoclasts and opaques decrease. 
Cluster analysis for LB1-09 yielded three palynofacies assemblages (Figure 5.8). 
Assemblage I (20.35 to 14.05 meters) has 10 samples, and is defined by degraded 
phytoclasts (13.7-30.7%), structured phytoclasts (1-26%), and comminuted phytoclasts 
(60.3 to 77.7%). Pollen and spores and opaques are rare or absent (0-0.7% and 0-0.3%, 
respectively).  
Ten samples comprise the assemblage II (14.05 to 7.95 meters). The relative 
abundance of the three important DOM components are as follow: structured phytoclasts 
(0-29.7%), comminuted phytoclasts (32.7-80%), and degraded phytoclasts (19.7-84.7%).  
Assemblage III (7.95 to 0.15 meters) has three sub-clusters and is defined by 
relatively high percentages of structured phytoclasts, the highest abundances of pollen 
and spores in the core, and low percentages of degraded phytoclasts. Only four samples 
represent assemblage III-A (7.95 to 4.6 meters). It is defined by the highest percentages 
(27.7-37.3%) of structured phytoclasts in the core. Degraded phytoclasts and comminuted 
phytoclasts comprise 17.7-28-7%, and 39.3-48.7%, respectively. Seven samples represent 
assemblage III-B (4.6 to 2.75 meters), which is characterized by degraded phytoclasts 
ranging from 12.7 to 80%, structured phytoclasts (0.3-15.3%) and comminuted 












































































































 	  	  	  	  	  	  	  
Figure 5.8. DOM distribution chart and cluster analysis in LB1-09 core. 
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has nine samples, and is defined by the few pollen and spores (0-3.7%, the most in the 
core), structured phytoclasts ranging from 0 to 33.33%, degraded phytoclasts (11.7-85%). 
5.2.2.2. Palynofacies of LB2-09 Core. The variations in the relative abundances  
of DOM in LB2-09 (Figure 5.9) are less pronounced than LB1-09 (Figure 5.8). Structured 
phytoclasts have higher abundances in the top 3 meters of the drill core. Degraded 
phytoclasts have consistently high values in the entire core, although slightly lower 
percentages are present the middle section of the core (between 13.63 and 7.01 meters). 
The other components are few and not as relevant as degraded phytoclasts and structured 
phytoclasts.  
Three assemblages were defined cluster analysis of the LB2-09 core (Figure 5.9). 
Assemblage I (25.31 to 7.01 meters) is comprised of 12 samples subdivided in two sub-
clusters, I-A and I-B. Only four samples comprise assemblage I-A (25.31 to 13.63 
meters), which is dominated by comminuted phytoclasts and degraded phytoclasts (each 
39.7-61.7%), variable amounts of structured phytoclasts (0.3-16.7%), and apparent 
absence of pollen and spores. Note that this assemblage had very few pollen and spore 
specimens but they were not encountered while point counting 300 grains. Eight samples 
represent assemblage I-B (13.63 to 7.01 meters) comprising structured phytoclasts (0-
5%), degraded phytoclasts (7.7-32%), and high abundances of comminuted phytoclasts 
(66.7-88.7%). 
Five samples comprise assemblage II (7.01 to 4.08 meters). It has the fewest (0-
4%), structured phytoclasts in the core, moderate to high percentages of comminuted 



































































































































Figure 5.9. DOM distribution chart and cluster analysis in LB2-09 core. 
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Assemblage III (4.08 to top of the core) has six samples defined by the highest 
relative abundances of structured phytoclasts in the core, ranging from 7 to 52.7% 
comminuted phytoclasts (16-84.7%) and degraded phytoclasts (5.7-46.3%) are prominent 
in the assemblage. 
 
5.3. PALYNOMORPHS 
One hundred and forty-four samples were studied for their palynomorph contents 
(13 in LA1-09, 100 in LA2-09, 15 in LB1-09, 16 in LB2-09). The raw counts of 
palynomorphs recovered in the sample are shown in Appendix A. Palynomorph recovery 
and preservation are generally very good in the top few meters in each core, but decrease 
and become poorer with depth, except in the lower ~15 meters of lignites and clays in 
LA2-09 (Figures 5.10 to 5.14). Surprisingly, only a few samples were barren.  
Two palynomorph assemblages are present in the drill core sediments: one 
assemblage has an affinity to wet hinterland, freshwater, swampy environments with 
rainforest palynofloras (Figure 5.15), while the second assemblage has sclerophyll 
palynofloras indicative of arid and halophilic conditions (Figure 5.16). Reworked 
palynomorphs, some of which are remarkably well preserved, are present in in this 
assemblage in some horizons in all the drill cores (Figure 5.17). 
Eleven thousand, eight hundred and ninety-nine (11,899) pollen grains, 9,669 
spores, 1,606 Botryococcus specimens, 151 fungal remains (spores, hyphae, fruiting 
bodies), 1,483 grains of the green alga Dunaliella, 151 unidentified algal cysts, and 28 
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Figure 5.10. Quantitative calculation of the number of pollen and spores per gram of dry 











































Figure 5.11. Quantitative calculation of the number of pollen and spores per gram of dry 
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Figure 5.12. Quantitative calculation of the number of pollen and spores per gram of dry 
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Figure 5.13. Quantitative calculation of the number of pollen and spores per gram of dry 
































1000 2000 3000 4000






















Figure 5.14. Quantitative calculation of the number of pollen and spores per gram of dry 
sediment in LB2-09 core. 
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biostratigraphic taxa identified in this study, and illustrations of some of these taxa can be 
found in Figures 5.15, 5.16, and Appendix C. 
5.3.1. Lake Aerodrome. The two palynomorph assemblages identified are  
stratigraphically separated: one assemblage with freshwater and wet hinterland affinity is 
restricted to the lignitic units in the bottom ~15 meters of sediments in LA2-09, while the 
second assemblage is present above 44.58 meters in LA2-09 and throughout LA1-09. 
In the first assemblage (Figure 5.15), palynomorph recovery and preservation are 
very good (Figure 5.11), with the majority of the samples yielding close to 300 specimens 
of pollen and spores, except for one sample at 55.71 meters with only 25 specimens. 
Angiosperm pollen morphotypes dominate this assemblage, in which well-preserved 
Nothofagus (Brassospora) pollen is most abundant (>10%; see Appendix B). Many 
Nothofagus specimens have an intermediate morphology between Nothofagidites 
emarcidus-heterus, and Nothofagidites falcatus, and were counted together as 
Nothofagidites spp. to include immature, deformed and poorly preserved specimens. 
Other species of Nothofagus present in this assemblage are Nothofagidites 
brachyspinulosus and Nothofagidites vansteenisii. Casuarinaceae (Haloragacidites 
harrisii, Haloragacidites trioratus), Aglaoreidia cyclops, Aglaoreidia qualumis, 
Araucariaceae (Araucariacites australis), and Poaceae (Monoporopollenites annulatus) 
are other significant pollen. The most common spores are Psilatriletes spp., Cyathidites 
minor and Herkosporites ellioti. The freshwater green alga Botryococcus braunii is 
commonly preserved in all of the samples in this assemblage, with counts up to 171 
specimens in the sample at 49.98 meters. 
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Less abundant but important key stratigraphical and environmental taxa present in 
this assemblage are Sparganiaceaepollenites barungensis, Schizocolpus marlinensis, 
Dryadopollis retequetrus, Propylipollis annularis, Proteacidites cummulus, 
Reevesiapollenites reticulatus, Gothanipollis perplexus, Santaluminidites cainozoicus and 
Crassoretitriletes vanraadshooveni. Other informal morphotypes with no known 
biostratigraphical relevance (e.g. Tricolpites, Tricolporites, Rhoipites, Proteacidites) are 
also present. Appendix C illustrates these and other taxa. 
In the second palynomorph assemblage there is good recovery and preservation in 
the shallowest samples in each core (292 specimens at 0.15 meters in LA2-09 and 287 
specimens at 0.23 meters in LA1-09). Specimens are drastically fewer with depth, where 
the total counts vary from 1 to 76 specimens, and some samples in LA2-09 (2.98, 15.81, 
24.61, 32.81 and 44.11 meters) are barren (see Appendix B and Figures 5.10–5.12). 
The pollen groups in this assemblage are indicative of Sclerophyllous and arid-
tolerant floras, and comprise the present day vegetation in Western Australia (Beard, 
1990). Spores are represented by Psilatriletes sp., Gleicheniidites sp., and Cyathidites sp.. 
The salt-tolerant alga Dunaliella (see Figure 5.16) was identified in all the samples in 
both drill cores, albeit in low abundance except at 14.31 meters depth in LA2-09. The 
morphological identification of Dunaliella was confirmed through email communication 
with T. Lowenstein (March 2011) and M. Borowitzka (July 2011). Differences in cyst 
size were used to identify two types of Dunaliella; this distinction was not based on 
morphology, which appears to be similar in both. Efforts at DNA analysis to confirm the 
identity of Dunialiella have been unsuccessful. 
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Table 5.4. List of the main palynomorphs identified in the Lake Aerodrome and Lake 
Brown, and illustrated in Appendix C. Note that diagnosis taxa are illustrated in Figures 
5.15, 5.16 and 6.2, while reworked taxa can be found in Figure 5.17. 
 
Spores 
Camarozonisporites sp. Plate 1, figure 2  
Crassoretitriletes vanraadshooveni Plate 1, figure 2 
Cyathidites minor Plate 1, figure 3 
Cyathidites splendis Plate 1, figure 4 
Evansispora sp. Plate 1, figure 5 
Gleicheniidites spp. Plate 1, figure 6 
Herkosporites elliotii Plate 1, figure 7 
Lycopodiaceae sp. Plate 1, figure 8 
Rugulatisporites sp. Plate1, figure 9 
Stereisporites sp. Plate 1, figure 10 
Pollen 
Acacia sp. Plate 2, figure 1 
Aglaoreidia qualumis Plate 2, figure 2 
Ailanthipites paenestriatus Plate 2, figure 3 
Asteraceae Tubulifloridites-type Plate 2, figure 4 
Beaupreadities elegansiformis Plate 2, figure 5 
Beaupreaidites diversiformis Plate 2, figure 6 
Bluffopollis scabratus Plate 2, figure 7 
Blufopollis sp. Plate 2, figure 8 
Brassicaceae Plate 2, figure 9 
Campanulaceae (Wahlenbergia) Plate 2, figure 10 
Canthiumidites bellus Plate 2, figure 11 
Casuarinaceae Plate 2, figure 12 
Chenopodiaceae/Amaranthaceae Plate 3, figure 1 
Cupaneidites orthoteicus Plate 3, figure 2 
Eremophila sp. Plate 3, figure 3 
Eucalyptus sp. Plate 3, figure 4 
Fabaceae Plate 3, figure 5 
Gyrostemon sp. Plate 3, figure 6 
Haloragaceae (haloragis) Plate 3, figure 7 
Haloragacidites harrisii Plate 3, figure 8 
Haloragacidites trioratus Plate 3, figure 9; Plate 7, figure 10. 
Liliacidites perforatus Plate 3, figure 10 
Lygistepollenites florinii Plate 3, figure 11 
Malvacipollis subtilis Plate 3, figure 12 
Microaladites paleogenicus  Plate 4, figure 1 
Myrtaceae Plate 4, figure 2 
Myrtaceidites tenuis Plate 4, figure 3 
Myrtaceidites verrucosus Plate 4, figure 4 
Nothofagidites brachyspinulosus  Plate 4, figure 5 
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Table 5.4. List of the main palynomorphs identified in lake Aerodrome and Lake 
Brown, and illustrated in Appendix C (cont.). 
 
Nothofagidites emarcidus-heterus Plate 4, figure 6; Plate 6, figures 7 and 8. 
Nothofagidites falcatus Plate 4, figure 7 
Nothofagidites flemingii Plate 4, figure 8 
Nothofagidites vansteenisii Plate 4, figure 9 
Parsonsia (Apocynaceae) Plate 4, figure 10 
Periporopollenites demarcates Plate 4, figure 11 
Phyllocladidites mawsonii Plate 4, figure 12 
Poaceae (Monoporopollenites annulatus) Plate 5, figure 1 
Podocarpidites ellipticus Plate 5, figure 2 
Propylipollis annularis Plate 5, figure 3 
Propylipollis minimum Plate 5, figure 4 
Proteaceae (Grevillea) Plate 5, figure 5 
Proteacidites asperopolus Plate 5, figure 6 
Proteacidites differentipollis Plate 5, figure 7 
Proteacidites reticulatus Plate 5, figure 8 
Psilatricolporites sp Plate 5, figure 9 
Psilatriletes 25-50µm Plate 5, figure 10 
Reevesiapollenites reticulatus Plate 5, figure 11 
Rhoipites sp. Plate 5, figure 12 
Santalumidites cainozoicus Plate 6, figure 1 
Sparganiaceaepollenites barungensis Plate 6, figure 2 
Stephanocolpites oblatus Plate 6, figure 3 
Syncolporites “pachydermatus” Plate 6, figure 4 
Tricolporites cf. T. adelaidensis Plate 6, figure 5 
Verrucosisporites cf. V. kopukuensis Plate 6, figure 6 
Dinoflagellate cysts 
Dinoflagellate cyst 1 Plate 6, figure 7 
Dinoflagellate cyst 2 Plate 6, figure 8 
Dinoflagellate cyst 3 Plate 6, Figure 9 
Algae 
Botryococcus braunii Plate 6, figure 10; Plate 7, figure 12 







Some palynomorphs that are common in the older assemblage are also present in 
this assemblage. These are Chenopodiaceae, Casuarinaceae, Myrtaceae, Proteaceae, and 
Cyatheaceae. These families have long stratigraphic records in Western Australia 
(Macphail, 1999; Itzstein-Davey, 2007; Partridge, 2006). However, the presence of 
Nothofagus, Araucariacites australis, Aglaoreidia cyclops, Aglaoreidia qualumis and 
Botryococcus braunii, and marine dinoflagellate cysts in this assemblage is attributed to 



















Figure 5.15. Photomicrographs of selected specimens of wet, freshwater palynomorphs in 
LA2-09. Specimen names are followed by slide number and England Finder™ 
coordinates (EF). Scale bar = 10µm. 1. Crassoretitriletes vanraadshooveni (MST-1167-
S1; EF D23/1). 2. Herkosporites ellioti (MST-1167-S1; EF V32/4). 3 Araucariacites 
australis (MST-1167-S1; EF G33/3). 4. Schizocolpus marlinensis (MST-1166-S1; EF 
T44). 5. Gothanipollis perplexus (MST-1155-S1; EF L28/4). 6 Proteacidites cummulus 
(MST-1166-S1; EF P30/1). 7. Santaluminidites cainozoicus (MST-1167-S1; EF E40). 8. 
Nothofagidites emarcidus-heterus (MST-1165-S1; EF V44/4). 9. Nothofagidites falcatus 
(MST-1167-S1; EF V19/1). 10. Haloragacidites tiroratus (MST-1167-S1; EF T42/4). 11. 
Propylipollis annularis (MST-1167-S1; EF L40/3. 12. Botryococcus braunii (MST-1136-















Figure 5.16. Photomicrographs of selected specimens of sclerophyll, arid-tolerant and 
halophilic palynomorphs in Lake Aerodrome and Lake Brown. Specimen names are 
followed by slide number and England Finder™ coordinates (EF). Scale bar = 10µm. 1. 
Acacia sp. (MST-1176-S1; EF F33). 2. Haloragaceae (MST-1226-S1; EF U20). 3. 
Casuarinaceae (MST-1180-S1; EF N29/4). 4. Proteaceae (Petrophile type) (MST-1179-
S1; EF M47). 5. Chenopodiaceae. (MST-1196-S1; EF L44/1). 6. Zygophillaceae 
(Tribulus) (MST-1001-S1; EF H36/2). 7. Gyrostemon sp. (MST-1174-S1; EF M435). 8. 
Goodeniaceae (MST-1180-S1; EF D30). 9. Asteraceae (Tubulifloridites type). (MST-
1175-S1; EF S45). 10. Asteraceae (Ligulofloridites type) (MST-1170-S1; EF R47/1). 11. 
Myrtaceidites lipsis (MST-1174-S1; EF L44/2). 12. Dunaliella sp. (MST-1074-S1; EF 
Q29/3). 
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5.3.2. Lake Brown. Pollen and spore recovery in LB1-09 and LB2-09 are good 
in the first three meters in each core (Appendix B and Figures 5.13–5.14). Casuarinaceae, 
Asteraceae, Chenopodiaceae, Poaceae, Myrtaceae, and Gyrostemonaceae. Goodeniaceae, 
Proteaceae, Thymelaceae, Brassicaceae dominate the palynomorph assemblage; 
Campanulaceae, and bisaccates are also present but are few. Spores are represented by 
Laevigatosporites sp. and Psilatriletes sp.. This arid-tolerant assemblage is similar to the 
second palynomorph assemblage in Lake Aerodrome, although there are differences in 
the abundances of the dominant pollen. Some families were identified only in Lake 
Brown (e.g. Thymelaceae, Campanulaceae, Zygophillaceae), and some Poaceae grains 
are larger. Reworked palynomorphs are also present in Lake Brown (Figure 5.17), but 
their abundances vary. For example, marine dinoflagellate cysts are more abundant in 
Lake Brown, and are usually associated with Botryococcus braunii and Nothofagus pollen 
grains. One pollen grain with affinity to the mangrove palm Nypa (Spinizonocolpites sp.) 
was identified. Dunaliella is found in much lower quantities, ranging from a maximum of 
4 counts in LB1-09 (at 0.99 and 11.9 meters) to 1 in LB2-09 (2.48 meters). It is absent in 


















Figure 5.17. Photomicrographs of selected reworked late Eocene palynomorphs. 
Specimen names are followed by slide number and England Finder™ coordinates (EF). 
Scale bar = 10µm. 1. Dinoflagellate cyst (MST-1196-S1; EF C45/4. 40x). 2. 
Dinoflagellate cyst. (MST-1196-S1; EF X21/1). 3. Dinoflagellate cyst. (MST-1228-S1; 
EF D39/3). 4. Dinoflagellate cyst. (MST-1196-S1; EF W25. 40x). 5. Odontochitina sp. 
(MST-1182-S1; EF S19/2. 40x). 6. Nothofagidites emarcidus-heterus (MST-1198-S1; EF 
R39). 7. Nothofagidites emarcidus-heterus (MST-1201-S1; EF D39/4). 8. 
Spinizonocolpites sp. (MST-1200-S1; EF O23). 9. Botryococcus braunii (MST-1228-S1; 
EF P24/4	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6. FIRST FOSSIL POLLEN OF THE NORTHERN HEMISPERE SPECIES 
AGLAOREIDIA CYCLOPS ERDTMAN, 1960 IN AUSTRALIA. 
6.1. ABSTRACT 
Aglaoreidia cyclops Erdtman, 1960 is a fossil pollen species associated with 
upper Eocene to lower Oligocene freshwater deposits in Europe and North America. 
Specimens preserved in upper Eocene lignites near Norseman, Western Australia, are the 
first record of this Northern Hemisphere species both in Australia and the Southern 
Hemisphere. This new report widens the biogeographic distribution originally considered 
for this species. The stratigraphical and environmental characteristics of A. cyclops also 
make it an excellent stratigraphic indicator of upper Eocene fresh- water deposits in 
Western Australia. 	  
6.2. INTRODUCTION 
The fossil genus Aglaoreidia Erdtman, 1960 was erected to accommodate 
spherical to bilaterally symmetrical fossil pollen grains characterized by a single pore and 
heterobrochate reticulate exine. General agreement exists that the genus represents an 
extinct clade of aquatic herbs although suggested nearest living relatives (NLRs) of 
individual species range from the freshwater bur-reed (Sparganiaceae) and pondweed 
(Potamogetonaceae) families to the marine seagrass (Ruppiaceae) family (Collinson 
1982; Gandolfo et al., 2009). The type species Aglaoreidia cyclops Erdtman, 1960 was 
described from specimens preserved in the upper Eocene Lower Headon Beds, southern 
England, and a second, closely related species, Aglaoreidia pristina was described by 
Fowler (1971) from correlative Eocene sediments in Hampshire and the Isle of Wight. 
Aglaoreidia cyclops is typically associated with freshwater palaeoenvironments 
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(Collinson, 1982; Gandolfo et al., 2009) whilst A. pristina occurs in marine and brackish 
strata. Both species are found in upper Eocene and/or Oligocene deposits across 
northwest and central Europe, Turkey and North America and, therefore, were considered 
to be endemic to the Northern Hemisphere (see Erdtman, 1960; Krutzsch, 1963; Fowler, 
1971; Machin, 1971; Frederiksen, 1980; Ollivier-Pierre, 1980; Akkiraz et al., 2006; 
Ramírez-Arriaga et al., 2006). The only confirmed representative of the fossil genus in 
Australia is Aglaoreidia qualumis, described by Stover and Partridge (1973) from 
specimens recorded in upper Eocene to lower Oligocene strata in the onshore Gippsland 
Basin, southeastern Australia. 
Here we describe specimens of Aglaoreidia cyclops preserved in upper Eocene 
lignitic facies within a succession of lower to upper Eocene carbonaceous sands, silts and 
clays (Werillup Formation) infilling the Cowan palaeodrainage system (see Clarke, 1993; 
1994a, Clarke et al., 1996; 2003) near Norseman, Western Australia (Figure 6.1). These 
specimens are the first known record of the morphospecies both in Australia and the 
Southern Hemisphere. Like Northern Hemisphere populations of Aglaoreidia cyclops, the 
parent plants appear to have grown in a freshwater environment and potentially are useful 
in dating and correlating upper Eocene sequences elsewhere in southwestern Australia. 
How the morphospecies came to be established in Australia is unclear but is likely to 
have involved trans-oceanic dispersal. 	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Figure 6.1. Location of the LA2-09 borehole near Norseman municipality, Western 
Australia. 	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6.3. MATERIAL AND AGE CONTROL 
Specimens of Aglaoreidia cyclops (ranging from 1% to 20% of total palynomorph 
counts) were recovered from LA2-09 borehole (32º11’33.5’’S, 121º11’33.5’’E), drilled 
in 2009 on the eastern shoreline of Lake Aerodrome, Norseman in Western Australia. 
This borehole was one of ten drilled in and near playa lakes in Western Australia as part 
of a multidisciplinary project studying the evolution of these salt lakes. The late Eocene 
(Middle Nothofagidites asperus Zone) age of the lignitic sequence is based on the 
association of Sparganiaceaepollenites barungensis, Dryadopollis retequetrus (Figure 
6.2 I) and Reevesiapollis reticulatus (Figure 6.2 H), with Proteacidites crassus and 
Santalumidites cainozoicus, species that first and last appear in this zone, respectively 
(compare Stover and Partridge, 1982; Milne, 1988; Macphail, 1999; Partridge, 1999; 
2006). High relative abundances of the freshwater algal cyst Botryococcus braunii and 
Nothofagidites pollen (Fig. 6.2 G; nearest living equivalent Nothofagus) and absence of 
marine algae (dinoflagellates) imply that the lignites accumulated in a freshwater swamp 
surrounded by temperate rainforest growing under relatively uniform wet climates. Apart 
from trace occurrences of Tricolpites trioblatus (NLR Wilsonia: see Martin, 2000), there 
is no evidence for a saline influence at the site. 	  
6.4. SYSTEMATIC PALYNOLOGY  
Aglaoreidia Erdtman, 1960 emend. Fowler, 1971 
Type species. Aglaoreidia cyclops Erdtman, 1960 (Figure 6.2 A–E) 
Repository. Illustrated specimens of Aglaoreidia cyclops and other selected 
palynomorphs (Figure 6.2) are located in strew mounts MST-1133-S1, MST-1136-S1, 
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MST-1159- S1, MST-1164-S1 and MST-1167-S1, stored in the Paleontology Laboratory 
at Missouri University of Science and Technology, USA. 
Locality. 45–60 m depth, LA2-09 borehole in Lake Aerodrome, Western 
Australia. 
Description. Monad, bilaterally symmetrical, amb elliptical to sub-circular in 
polar view; monoporate, pore circular to elliptical, 3.5 µm and 9 µm in diameter, 
annulate, annulus formed by thickening of the nexine; exine, ca 1 µm thick, increasing to 
2–2.5 µm around the pore, tectate, columellate, reticulate, heterobrochate, muri supported 
by single columellae, lumina polygonal to sub-circular, ca 4 µm diameter on the proximal 
sur- face surrounding the pore and decreasing to ca 1 µm towards the ends of the grain 
and across distal surface opposite the pore; 32–48 µm length of the longest axis (50 
specimens measured). 
Comparison. Aglaoreidia pristina Fowler, 1971 differs from A. cyclops in that the 
largest lumina are located on the distal surface of the grain; Aglaoreidia qualumis Stover 
and Partridge, 1973 (Figure 6.2 F) is smaller, has a spherical grain shape, and has 
homobrochate lumina and a circular pore. 
Remarks. Although referring Aglaoreidia to a monocotyledonous group of 
unknown affinity, Erdtman (1960) compared the fossil genus to Amaryllidaceae and 
Liliaceae pollen. Machin (1971) noted similarities with pollen of Ruppiaceae and 
Potamogetonaceae, and suggested a relationship with the parent plant of the fossil fruit 
Limnocarpus. Collinson (1982) reinforced this suggestion by proposing a strong 
relationship with various genera of Potamogetonaceae based on the fossil assemblages in 
which the species occurs. Harley (2006) compared Aglaoreidia with the pollen grain of 
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the palm Borassodendron machadonis, suggesting that they shared a similar morphology, 
despite differences in size. It is worth noting that, although there is a rich Eocene–
Oligocene macrofossil record in southwestern Australia, no macrofossils of any of these 
plant groups have been reported from the region (see Hill and Merrifield, 1993; Carpenter 
and Pole, 1995; McLoughlin and Hill, 1996). 	  
6.5. DISCUSSION 
The well-preserved fossil pollen recovered from LA2-09 (Figure 6.2 A–E) very 
closely resembles specimens of Aglaoreidia cyclops described and illustrated by Erdtman 
(1960, pl. 1, figs b, c) and Fowler (1971, pl. 1, figs 3, 4), particularly in the large annulate 
pore and a decrease in the size of the lumina away from the pore and on the distal surface 
of the grain. We discount the possibility that the grains are Northern Hemisphere 
contaminants, introduced either during drilling or processing of the samples in the Global 
Geolab Laboratory. Reasons include: (1) contamination of the lignite by drilling mud is 
highly unlikely; the boreholes were drilled using the rotosonic technique (Boart 
Longyear’s semisonic drill Rig 1415) that does not utilize fluids during the drilling 
process; (2) specimens of Aglaoreidia cyclops (up to 20% in some samples) are restricted 
to lignitic facies within the Werillup Formation and do not occur in samples of sediments 
overlying this formation; (3) a duplicate set of samples from the Werillup Formation 
processed as a control at Missouri University of Science and Technology produced 
identical results to those from the first laboratory; and (4) no other palynomorphs 
restricted to the Northern Hemisphere were recovered. 
How Aglaoreidia cyclops reached Australia is unknown, since there are no 






















Figure 6.2. Selected palynomorphs from the late Eocene Werillup Formation. Specimen 
names followed by strew mount number and England Finder coordinates. 
A, Aglaoreidia cyclops Erdtman, 1960 (MST-1136-S1; V44/1). B, Aglaoreidia cyclops 
Erdtman, 1960 (MST-1136-S1; K35/4). C, Aglaoreidia cyclops Erdtman, 1960 (MST-
1136-S1; R36/1). D, Aglaoreidia cyclops Erdtman, 1960 (MST-1164-S1, K34). E, 
Aglaoreidia cyclops Erdtman, 1960 (MST-1133-S1, R43/2). F, Aglaoreidia qualumis 
Stover and Partridge, 1973. (MST-1134-S1; M43). G, Nothofagidites falcatus (Cookson) 
Hekel, 1972 (MST-1133-S1, Q44/4). H, Reevesiapollis reticulatus (Cooper) Krutzsch 
1970 (MST-1159-S1, R28). I, Dryadopollis retequetrus (Stover and Partridge) Pocknall 
and Mildenhall, 1984 (MST-1167-S1, T21). Scale bar 10 µm. 
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Indian monoporate fossil pollen specimens identified as Aglaoreidia by Singh and 
Sarkar (1994, pl. 1, fig. 10) are spherical, characterized by a uniformly fine reticulum, 
while the poor quality of the illustrations means that the affinity of Aglaoreidia sp. cf. A. 
cyclops from the Paleocene–lower Eocene Jiachala Formation in Tibet (Li et al., 2005, 
fig. 4.18) can not be confirmed. The Australian Aglaoreidia qualumis has been 
considered a junior synonym of Sparganiaceaepollenites barungensis Harris, 1972 by 
Mildenhall and Crosbie (1979) and suggested to be a fossil member of the Sparganiaceae 
or Typhaceae. Aglaoreidia-type pollen preserved in Paleocene sediments at Koingnaas in 
South Africa has been compared to Aglaoreidia qualumis (De Villiers and Cadman 
2001), whilst specimens described by Jaramillo and Dilcher (2001) as Aglaoreidia? 
foveolata from Paleocene sediments in northern South America are foveolate, not 
reticulate. Aglaoreidia cyclops has not been recorded in South America (Gandolfo et al., 
2009; V. Barreda, pers. comm. 2012) and has not been reported in any previous 
palynological studies in southwestern Australia (Balme and Churchill, 1959; Hos, 1975; 
Bint, 1981; Stover and Partridge, 1982; Milne, 1988). 
Nevertheless, the palaeodistribution in the Northern Hemisphere indicates that 
trans-oceanic dispersal of Aglaoreidia cyclops occurred during the late Eocene. 
Therefore, the chance of long-distance dispersal across the equator, perhaps by migrating 
birds, is one possible explanation. What is certain is that freshwater habitats along the 
southwest margin of Australia in the late Eocene would have allowed hydrophytes such 





7.1. LAKE CHARACTERISTICS AND ORGANIC MATTER PRESERVATION 
Lakes are highly dynamic environments, and their constant exposure to variable 
climatic conditions, tectonism and characteristics of their surroundings trigger multiple 
internal dynamic processes (Rosen, 1994; Cohen, 2003; Rueda et al., 2003; Prothero and 
Schwab, 2004). Evidences of these processes can be observed in the lithological and 
paleontological record of lakes. In the case of the lakes of Western Australia, the 
geological setting where each lake is situated affects its size and shape (see Figure 2.4). 
Lake Aerodrome and Lake Brown rest on Cenozoic sediments in relatively large 
catchment areas (Lake Aerodrome is part of Lake Cowan and Lake Brown is part of the 
Avon Paleodrainage), and have irregular shapes.  
As noted in section 2.3, the fact that four major processes of flooding, 
evapoconcentration, desiccation and eolian erosion and deposition in Australian lakes 
operate at different temporal and spatial scales produce highly dynamic conditions. For 
example, after a rainstorm during field work in January 2009, Lake Aerodrome 
experienced one complete cycle of the three stages during a-24 hour period. The products 
of the dynamic nature are constant precipitation, dissolution and reworking of sediments, 
salts (gypsum and halite), iron oxides and other minerals in the lakes. This ultimately 
affects the pH, salinity, water level, and the distribution and preservation of fossils and 
DOM. Lake Aerodrome and Lake Brown sediments reflect these processes (e.g. 
diagenetic processes) in their sedimentary and palynological records  
While beds with red color are usually avoided in palynological analyses because 
they are considered to be barren (Traverse, 2007), sediments with red color or red spots 
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were sampled in this study (see section 4.2 Methods). Although in low numbers, 
palynomorphs and DOM were present in sediments with these red colored sediments (see 
sections 5.2 and 5.3). It is not clear if the abundances of organic matter (palynomorphs 
and DOM) in the sediments reflect the true organic contents at the time of deposition, or 
if there was a preferential preservation. The low abundances and diversity of 
palynomorphs (Figures 5.10 to 5.14; Appendix B) found in the deeper samples in all the 
cores (except the bottom ~15 meters of LA2-09), and the prevalence of certain 
palynomorphs, such as Chenopodiaceae and Asteraceae that are known to be more 
resistant to oxidation, indicates that preferential preservation occurred. However, the fact 
that some palynomorphs were preserved in red sediments suggests that the diagenetic 
processes observed in these sediments (Benison, 2008; Benison et al., 2007; Bowen and 
Benison, 2009; Bowen et al., 2012) may actually have enhanced the preservation of 
organic matter. 
Clarke (1993) noted that there were no previous records of microfossils in the 
Revenge Formation, resulting in age interpretation based only on stratigraphic and 
climatic inferences (Hou et al., 2003). As noted previously, few palynomorphs, most 
notably Chenopodiaceae, were recovered from the interval that includes this formation  
 
7.2. DISPERSED ORGANIC MATTER AND PALEOENVIRONMENTAL 
SETTING 	  
The distribution of DOM and palynomorphs in sediments reflects the changes in 
the conditions at the time of deposition. It sometimes helps to correlate sediments 
between sections. Variations in the relative abundances of organic components may be 
caused by changes in the climatic conditions. With the exception of the wet-tolerant 
71	  
palynomorph assemblage in LA2-09 and presence of few age diagnostic taxa in the 
sclerophyllous palynomorph assemblage (see section 7.3), the lack of high-resolution 
data coupled with suspected hiatuses has hindered a robust interpretation and age 
establishment for the Lake Aerodrome and Lake Brown drill cores. Therefore, attempts to 
correlate all observed changes in the sediments to known regional and global climatic 
events are been tentative. 
The rarity of amorphous organic matter and the prevalence of phytoclasts in all 
the sediments suggest the dominance of terrestrial conditions during deposition. The 
presence of dinoflagellate cysts in the Werillup Formation lignites in the Lake Cowan 
area in earlier studies  (e.g. Harris, 1989) was used to infer marine influence. In this 
study, palynofacies assemblage associated with this particular lithology (Figure 5.7) does 
not reflect any marine influence. 
7.2.1. Lake Aerodrome. The variation in the relative abundances of DOM in 
Lake Aerodrome (Figures 5.6 and 5.7) may be reflective of changes in the climatic 
conditions in the region. The relatively higher percentages of structured phytoclasts in the 
top 5 meters in both LA1-09 and LA2-09 cores (palynofacies assemblages II in LA1-09 
and assemblage IV in LA2-09), in contrast to the lower relative abundances observed in 
the underlying samples, can be interpreted as products of a short distance of transport 
from their plant sources. Such situations were probably due to relatively “wetter” 
conditions, during which water was the probable dominant mechanism of transport, and 
plants grew close to the rims of the lakes. Although it is not possible to link these top 
sediments to larger climatic turnover, fluctuations in the monsoonal regimen could result 
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in possible increases in annual rainfall. This scenario, however, contrasts with the 
abundance of diagenetic indicators of aridity (e.g. gypsum crystals) in the sediments. 
The higher percentages of comminuted and degraded phytoclasts in palynofacies 
assemblages I in LA1-09, and II and III in LA2-09 are reflective of conditions dominated 
by wind transportation. An increase in Dunaliella suggests relatively more arid climatic 
conditions than the first 5 meters of sediments (see section 7.7).  
Palynofacies assemblage I-A in LA2-09 (basal clays and lignites), with high 
abundances of structured, degraded phytoclasts and Botryococcus braunii indicates a low 
energy freshwater depositional environment. It is unclear if the overlying assemblage I-B, 
which is rich in degraded phytoclasts, has fewer structured phytoclasts and few 
specimens of B. braunii, is transitional between freshwater and arid conditions, or 
reworked. 
7.2.1.1. Correlation between Lake Aerodrome cores. Palynofacies assemblages  
I and II in LA1-09 core appear to correlate with assemblages III and IV in LA2-09, 
respectively (Figures 5.6 and 5.7). It is possible that the sediments defining these 
assemblages share similar conditions of deposition because there are similarities between 
dominant lithologies (clay, marbled clay and banded clay) in both drill cores (see Figures 
5.1 and 5.2). 
7.2.2. Lake Brown. There are similarities in the palynofacies assemblages of both  
Lake Brown drill cores in spite of differences in lithology. The high percentages of 
structured and degraded phytoclasts in assemblage III in LB1-09 and assemblage III in 
LB2-09 (Figures 5.8 and 5.9) suggest similar conditions to those described for 
palynofacies assemblages II in LA1-09 and assemblage IV in LA2-09 (see section 7.2.1). 
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Although diagenetic features, such as gypsum and halite crystals, as well as the presence 
of Dunaliella suggest arid depositional conditions, the DOM may be reflective of the 
relative fluctuations in mean annual precipitation in this top part of each drill core. In 
contrast, the underlying assemblages I and II in LB1-09 and I-A and I-B in LB2-09, 
suggest more arid conditions. Furthermore, the presence of Botryococcus braunii and 
palynomorphs of known high rainfall conditions in both cores is considered as the 
product of reworking upper Eocene sediments and not indicative of climatic variations 
(see sections 5.3.2 and 7. 6). 
7.2.2.1. Correlation between Lake Brown cores. Correlation between the Lake  
Brown drill cores is not conclusive from palynofacies analysis and palynomorph 
contents. The relative abundances of structured phytoclasts decrease with depth in both 
cores, but the percentages of comminuted and degraded phytoclasts behave differently. In 
addition, there are major differences in the lithologies. While sands dominate the top of 
LB1-09, clays increase toward the bottom of the core (Figure 5.3), In LB2-09 clays are 
predominant in the shallower depths, and the sediments become coarser toward the 
bottom. Note that the distance between the Lake Brown drill cores (more than 3 
kilometers apart) is far greater than that between the Lake Aerodrome drill cores (~50 
meters). 
 
7.3. RELATIVE AGE DETERMINATION  
The stratigraphic and ecological characteristics of palynomorph morphotypes 
identified in the Lake Aerodrome and Lake Brown drill cores were used to infer the 
relative ages of the sediments, and determine floristic changes through time.  
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7.3.1. Palynostratigraphy of Lake Aerodrome. Age determination is based  
mostly on the palynological contents in LA2-09, which has a much longer succession of 
sediments. There is a marked difference in the stratigraphic positions of the two 
palynological assemblages identified in LA2-09: the assemblage associated with wet 
conditions restricted to the bottom lignitic units; and the sclerophyll and halophilic floras 
present in the overlying sediments (see section 5.3). The older assemblage is 
characterized by the first appearance datum (FAD) and last appearance datum (LAD) of 
some late Eocene species in the Gippsland Basin in southeastern Australia (Partridge, 
2006). These events include the FAD of Aglaoreidia qualumis, Dryadopollis retequetrus, 
and Reevesiapollis reticulatus (Middle Nothofagidites asperus Zone), and LAD of 
Proteacidites crassus, and Santalumidites cainozoicus (Middle Nothofagidies asperus 
Zone). The index species used to define the zone (Triorites magnificus and 
Nothofagidites asperus) were not identified in this study (see Appendix D).  
With the exception of the brackish pollen Tricolpites trioblatus (observed by 
Australian collaborator Dr. Mike Macphail), which has a botanical affinity to the salt 
marsh Wilsonia, no other palynomorphs suggest marine influence during the deposition 
of these sediments. This observation is in contrast with reports of marine dinoflagellates 
cysts and mangrove pollen specimens in lignite outcrop samples in the Norseman area 
(Harris 1989). Another characteristic that is unique to this assemblage is the presence of 
Aglaoreidia cyclops, a pollen species not previously reported in Australian sediments, 
which has the potential to be used as a key taxon for upper Eocene sediments (Sanchez 
Botero et al., 2013; see section 6). 
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For the second assemblage, the presence of Myrtaceidites lipsis from 23.38 
meters depth to the top of LA2-09 constrains the base of this interval within the Pliocene 
Myrtaceidites lipsis Zone (Partridge, 2006). Since this fossil species has survived in 
Western Australia (as Eucalyptus spathulata) until today (Tornhill and Macphail, 2012), 
we can assign the entire interval a Pliocene to Recent age. Unfortunately, the age of 
sediments between 23.38 meters and the contact with the lignites (at 44.58 meters) is 
uncertain because it consists of only long-ranging palynomorph species. The LA1-09 
sediments may also be assigned to the Myrtaceidites lipsis Zone (Partridge, 2006) and 
younger zones based on inferred correlations with LA2-09 from palynofacies (section 
7.2) and lithologic (section 5.1.1) interpretations. Previous studies in the region have 
assigned these sediments to various ages ranges as follow: Miocene to Pliocene in age 
(Clarke, 1993), Late Oligocene to Middle Miocene (Hou et al., 2003), and at least not 
older than Middle Miocene age inferred for the onset of aridity in Australia (de Deckker, 
1988). It appears that there is a marked unconformity separating the two palynomorph 
assemblages (see Appendix D). 
7.3.2. Palynostratigraphy of Lake Brown. The occurrence of the fossil pollen  
species Myrtaceidites lipsis in both Lake Brown drill cores suggests that the sediments 
are Pliocene to Recent (see discussion in section 7.3.1). This key taxon is present from 
the top of the cores to 2.89 meters in LB1-09 and down to 12.01 meters in LB2-09. 
Although Casuarinaceae, Myrtaceae and Asteraceae pollen grains are common in the 
sediments below these horizons (Appendix B), they are not age diagnostic. 
Data from other lakes in the same paleodrainage (Avon Paleodrainage system) 
show similar results. Studies by Salama et al. (1992) and Salama (1994) suggested that 
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Lake Deborah and Yenyening Lake sediments were probably Pliocene to Recent, based 
on the similarity between their palynological assemblages and that described by Bint 
(1981) from Lake Tay. Also, based on the absence of Paleogene palynomorphs, Salama 
et al. (1992) and Salama (1994) suggested that the sediments were not older than 
Miocene. Since the lithological units and palynological assemblage described for the 
nearby Lake Deborah system are similar to the results for the LB1-09 and LB2-09 drill 
cores, the sediments likely have equivalent ages (see Appendix D).  	  
7.4. CLIMATIC AND FLORISTIC VARIATIONS  
Climate is the primary element that controls the type of plants, and by inference, 
palynomorphs present in a region. Therefore, the palynological record is very useful for 
reconstructing past climatic and floristic characteristics in a given time. In the case of 
Western Australia (as indicated in sections 5.3 and 7.3), the two palynological 
assemblages reflect two different climatic regimes with clear stratigraphic and temporal 
locations.  
The differences between the late Eocene and post-Eocene floras in Lake 
Aerodrome and Lake Brown reflect the Cenozoic climatic evolution of Australia. During 
the late Eocene, Australia experienced mean annual temperatures of 20º Celsius and 
1,500 mm of mean annual precipitation (Holdgate and Clarke, 2000). The older 
palynological assemblage in LA2-09 confirms these climatic conditions, which were able 
to support subtropical to temperate rainforest plants (Nothofagus, Araucariaceae, 
Phyllocladidites), in addition to swamp plants and algae (Aglaoreidia, Sparganiaceae, 
Botryococcus). The occurrence of Crassoretitriletes vanraadshoovenii, considered as a 
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good indicator of tropical conditions (Germeraad et al., 1968) in the late Eocene flora, 
reinforces the high availability of water and high temperatures. This is in agreement with 
the global climatic reconstructions for the late Eocene (Zachos et al., 2001), described as 
a hothouse epoch during which oceans experienced warm temperatures (Jovane et al., 
2009). That explains why Australia, which was located around 60º south, and Antarctica 
were warm and were able to support temperate to subtropical floras (Nothofagus forests) 
during that time (Greenwood, 1996) 
A cooling trend during the transition between Eocene and Oligocene marked the 
beginning of the icehouse conditions that are still experienced (Miller et al., 2009). The 
separation of Australia from Antarctica and the development of the cold circumpolar 
current led to the formation of ice sheets in Antarctica and increasing aridity in Australia 
(Johnson, 2004). These conditions affected the climate on a global scale and increased 
the latitudinal temperature gradient. 
The increasing aridity in Australia is recorded in the post-Eocene palynological 
assemblage in the Lake Aerodrome and Lake Brown drill cores containing palynomorphs 
representing an arid-tolerant flora (Chenopodiaceae, Acacia, Asteraceae), and abundant 
sclerophyll plants (Myrtaceae–Eucalyptus). Any palynomorphs with wet rainforest or 
swamp ecological affinity preserved in this assemblage is reworked. Additionally, the 
occurrence of the halophilic green alga Dunaliella is an indication of hypersaline 
depositional conditions (Grabel, 2012; see section 7.7); hypersalinity is a consequence of 
the Cenozoic climatic change in Australia (Benison et al., 2007).  
The onset of aridity is still a controversial topic, mainly because the Pliocene to 
Recent interval in many areas of Australia is not well understood, and the timing of the 
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modern arid climate is still unresolved (McLaren and Wallace, 2010). On a global scale, 
aridity increased around the Pliocene in many parts of the world, marking the formation 
of deserts like the Atacama (3 Ma) and aridity in Africa (2.8 to 1.7 Ma).  
It is not clear if the transition from wet, freshwater conditions during the late 
Eocene to the arid conditions that prevail today were gradual or abrupt. Unfortunately, 
palynomorph and palynofacies data coupled with the absence of continuous 
sedimentation in the cores cannot conclusively establish the type of transition.   
Australia’s response to future climatic changes is not easy to predict because the 
mechanisms that control climate are not synchronous. Whereas one region may 
experience high annual rainfalls and wet environments, other areas may be more arid and 
promote evaporite deposition. Sediment and floral responses to climatic fluctuations can 
yield important data for regional climatic models. 
 
7.5. STRATIGRAPHIC RECONSTRUCTION  
The lithological units present in the Lake Aerodrome and Lake Brown cores can 
be correlated with units described in previous studies. However, the limits and true 
presence of some of these units may be controversial; this may be due in part to the 
continental setting of these units, which make correlation more difficult Based on the 
contents and stratigraphic position of the palynomorph assemblage in the bottom 15 
meters of LA2-09, this interval can be correlated with the Werillup Formation 
(Cockbaine, 1968) of the Eundynie Group in the Cowan Paleodrainage (Clarke 1993; 
Clarke et al, 2003, Hou et al., 2003). This palynomorph assemblage is also similar to 
those previously described for upper Eocene lignites in the Eucla Basin (Milne 1988) and 
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many areas of Western Australia (e.g., Cockbain 1968; Hos 1975; Stover and Partridge 
1982; Harris 1989).  
Story (2012) placed the top of the Werillup Formation in LA2-09 around 33 
meters deep based on the geochemical characteristics of the sediments. Palynomorph and 
palynofacies data do not agree with this interpretation and restricts the Werillup 
Formation to the lignites and clays in the bottom ~15 meters (palynofacies assemblage I-
A). Although the dark clay unit located from the top of the upper lignite unit to 42.2 
meters depth share some characteristics with the lignite (e.g. dark color, presence of 
pyrite, similar DOM contents; see Figure 5.7), it is not clear if this clay should be 
included as part of the Werillup Formation, or if should be considered as a transitional 
sequence between the wet and arid conditions.  
The sediments overlying the Werillup Formation up to the top of the cores may be 
correlated with units of the Redmine Group based on their stratigraphic position (Clarke 
1993; Clarke et al., 1996, 2003; Hou et al. 2003), although the upper Eocene Princess 
Royal Spongolite was not observed. However, the palynological record in these cores 
cannot be used to differentiate the units of this group. Instead, we are relying on 
lithological, sedimentological, and mineralogical interpretations (Story, 2012) to identify 
the Revenge Formation, Cowan Dolomite, and Polar Bear Formation in LA2-09.  
There is no formal or comprehensive description of the stratigraphy of Lake 
Brown, and it was not possible to correlate the units present in LB1-09 and LB2-09 to 
any geological formation in the Avon Paleodrainage. Since the age of the top sediments 
is considered as Pliocene to Recent in age (see Section 7.3.2), they may be age 
equivalents of the Gypsiferous layers and Salt and Clay units reported by Salama et al. 
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(1992) in Lake Deborah. For the lower sediments, there are no age-diagnostic 
palynomorph taxa available to attempt correlation with other units in the same 
paleodrainage system. 	  
7.6. IMPLICATIONS OF REWORKING 
The spotty occurrence of palynomorphs with affinities to marine, mangrove and 
moist (swamp and hinterland) conditions is one of the characteristics of the post-Eocene 
infill sediments in Lake Aerodrome and Lake Brown. Comprised mainly of 
Nothofagidites, Botryococcus, Sparganiaceapollenites, gymnosperm pollen and marine 
dinoflagellate cysts, these specimens are usually found in very low abundances alongside 
Miocene to Recent sclerophyll, halophilic and arid-tolerant palynomorphs (see Section 
5.3). An important feature of several of these specimens is their relatively good state of 
preservation, sometimes making it difficult to detect any evidence of reworking in the 
shapes or surfaces of the grains (see Figure 5.17). This feature has led previous 
researchers to make different interpretations about their presence in Neogene sediments 
in other lakes and paleodrainages in Western Australia. Bint (1981) interpreted the 
presence of exceptionally well-preserved Nothofagidites specimens as the products of in 
situ deposition in Pliocene to Recent sediments in Lake Tay. The implication of this 
interpretation is that Nothofagus trees survived in Western Australia until Early Pliocene 
times in spite of increasing reduction in rainfall. Dodson and Macphail (2004) considered 
the presence of Nothofagidites, Araucariacites and other palynomorphs with affinities to 
moist conditions in late Miocene to early Pliocene sediments in the Yallalie Basin as 
ecologically anomalous taxa, which were probably the products of relics of Paleogene 
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rainforests communities that survived in areas with high spring water discharge. These 
interpretations suggested that episodes of wet climate with a mean annual precipitation 
above 1000 mm occurred during the Early Pliocene. Such wet conditions could have 
supported rainforest vegetation that produced such palynomorphs as Nothofagidites, 
Araucariacites and Dacrycarpus. Furthermore, the inference is that the stratigraphic 
ranges of these species in Western Australia extended beyond the late Miocene into the 
early Pliocene (Myrtaceidites lipsis Zone of Partridge, 2006). 
In contrast with assumptions described above, the palynological and 
sedimentological observations in this study suggest that reworking of upper Eocene 
sediments is the most feasible explanation for the presence of these rainforest and marine 
taxa in the Miocene to Recent lake sediments. The very dynamic nature of the 
sedimentary processes in the lakes results in constant transportation and reworking of 
material from surrounding areas into and out of the lakes. Palynomorph and DOM data 
capture the reworking processes during more arid conditions (see section 2.3), and 
explains why older palynofloras were preserved alongside contemporaneous taxa.  
The occurrence of upper Eocene lithological units as part of the infill sediments in 
the paleodrainages, as well as outcrops surrounding their watershed, has been reported in 
many parts of Western Australia, including the Lake Brown and Lake Aerodrome areas 
(Hos, 1975; Clarke, 1993; Salama, 1994; Itztein-Davey, 2007). The Cenozoic sediments 
around or in the Avon and Cowan paleodrainages (Figure 2.3) are the likely sources of 
the reworked palynomorphs. The best evidence in this study was recorded in the Cowan 
Paleodrainage, where key age and environmentally diagnostic pollen and algal taxa of the 
late Eocene Werillup Formation have been recovered from the post-Eocene sequences in 
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Lake Aerodrome (see section 5.3.1.), as well as in Prado Lake and Twin Lake West 
(Grabel, 2012). In addition to these taxa, such as Aglaoreidia cyclops, Aglaoreidia 
qualumis, Araucariacites australis, Botryococcus braunii, Phyllocladidites mawsonii, 
Nothofagidites emarcidus-heterus, and Nothofagidites falcatus, marine dinoflagellate 
cysts (e.g. Odontochitina sp.) occur in some samples. The age and paleoecological 
affiliations indicate that they are not in situ. The presence of marine dinoflagellate cysts 
in these sediments is incompatible with the stratigraphy of the region because the last 
marine influence recorded for the Cowan Paleodrainage was the late Eocene Aldinga 
transgression (Clarke et al., 2003).  
Palynomorphs with marine and moist climate affinities are also present in the 
Lake Brown sediments. Their sources may be different from those in Lake Aerodrome 
because Avon Paleodrainage was not connected to the Cowan Paleodrainage (Salama, 
1993, 1994). Based on the similarities in their assemblages, they could be the products of 
erosion from units analogous to the Werillup Formation and other upper Eocene lignitic 
sediments reported in the region. 
The strong evidence of reworking of palynomorphs from upper Eocene 
sediments, indicate that, although changes in humidity were possible during early 
Pliocene, there is no palynological evidence for moist climatic episodes capable of 
supporting rainforest palynofloras like Nothofagidites, Araucariacites, and 
Phyllocladidites. Therefore, the refugia hypothesis for Paleogene rainforest taxa in 
Western Australian Neogene sediments is unlikely to be correct. 
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7.7. DUNALIELLA AS A PROXY FOR HYPERSALINE CONDITIONS 
The halophilic genus Dunaliella corresponds to a group of spherical to ovoid 
unicellular biflagellate green algae belonging to Chlorophyceae. They have the ability to 
survive in environments with high salinity and high solar radiation. This ability to survive 
in such environments put them in the category of extremophiles. Such organisms can 
survive in as hostile conditions, such as those with high salinity, high rates of radiation, 
very high or low pH values, very high or low temperatures, and low nutrient availability. 
Ben-Amotz (1999) considered Dunaliella as the most halotolerant eukaryotic organism.  
Dunaliella produces β-carotene, which is an organic compound found in plants 
and fruits as a protection against damages produced by high levels of solar UV-radiation. 
In hypersaline lakes, the production of β-carotene in Dunaliella is controlled by the 
amount of solar radiation and the availability of Nitrogen (Ben-Amotz, 1999). Glycerol 
concentration inside the body of Dunaliella is used as a mechanism to regulate the 
differences in salt concentration with the surrounding media. 
Lowenstein et al. (2011) recovered assemblages composed of halophilic archaea, 
bacteria and algae (including Dunaliella) in halite fluid inclusions from saline lake 
sediments dated between 10ka to 150ka. Some of these organisms were apparently still 
alive. Cysts that have the similar morphology to Dunaliella were found in variable 
numbers in the Lake Aerodrome and Lake Brown sediments (see section 5.3.1 and Figure 
5.16).  
Dunaliella specimens in the core samples co-occur with sclerophyllous 
palynomorphs that are adapted to arid conditions. They are absent from the lignitic and 
clay units in the bottom ~15 meters of LA2-09 which preserved swamp and temperate 
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rainforest palynomorph taxa, including Botryococcus braunii. Figure 7.1 illustrates the 
distribution of both types of algae in the LA2-09 core, where they display a highly 
constrained stratigraphic distribution. Based on the ecological and climatic conditions 
that control the presence and abundance of Dunaliella, and its close association with arid-
tolerant palynomorphs, this study suggests that its presence can be used as a proxy for 
arid conditions and high concentrations of salt in the geological record of Western 
Australia.  
DNA analysis is needed to identify Dunaliella to species level. If Dunaliella 
acidophila is present in these sediments, it can be used as a proxy for low pH values in 
Western Australia, and present a great opportunity for resolving the evolution of acidity 
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Figure 7.1. Distribution of Dunaliella and Botryococcus braunii in LA2-09 
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7.8. FUTURE RESEARCH 
Palynological analyses have demonstrated that palynomorphs and DOM can be 
useful tools for inferring past climatic and floristic conditions, and improving our 
knowledge about the geological evolution of Western Australia. However, the poor 
recovery and low resolution of palynomorphs in the post-Eocene sediments limited the 
ability to better constrain the age of this interval. This is a key limitation because one of 
the main objectives of this study was to understand when the low pH values and high 
salinity conditions started in Western Australia. Therefore, the timing of the onset of low 
pH values as well as aridity, and by inference the accumulation of evaporites, is still 
largely unresolved.  
Other tools can be used to improve our understanding of the evolution of the 
acidic saline lakes in Western Australia. Phytoliths have been used in other regions of 
Australia to constrain the ages of sediments and infer climatic and floristic conditions 
where the recovery of palynomorphs is poor or barren (Thorn, 2001; 2004; Prebble et al., 
2006). Diatoms are also potential tools that can be used to study these lakes. Dodson and 
Macphail (2004) proved that certain species of halophilic diatoms along with pollen and 
spores, were useful to determine climatic and floristic variations between wet and dry 
periods in Western Australia.  
Biomarkers (e.g. β-carotene, glycerol) and DNA extraction can be used as proxies 
for past geochemical conditions of the lakes because they can indicate the type of 
organisms that thrived in the lakes. Fluid inclusions inside gypsum and halite crystals are 
targeted for these analyses, such as the on-going study by K. Benison, collaborator on 
this study (Conner and Benison, 2013). 
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Optically stimulated luminescence (OSL) dating has been used in recent years to 
reconstruct paleoenvironmental conditions and date Pleistocene and Holocene sediments 
(mostly eolian sand dunes) in South Australia (Lomax et al., 2011). This can be 
extremely useful in Western Australia, where sand dunes are common and may be 
strongly correlated to eolian and arid conditions. 	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8. CONCLUSIONS 
This study analyzed Eocene to Recent sediments retrieved by two dill cores each 
in Lake Aerodrome (LA1-09, LA2-09) and Lake Brown (LB1-09, LB2-09) in southern 
Western Australia. The results demonstrated the utility of palynology for reconstructing 
paleoenvironmental conditions, interpreting the evolution of ephemeral lakes, and 
constraining the age of the basal ~15 meters in LA2-09, and shallowest sediments in all 
four drill cores. The major findings are summarized below.  
(1) Palynofacies analysis revealed that comminuted phytoclasts were the most 
abundant DOM in the sediments, although the relative abundances of DOM were 
variable. Principal components analysis and stratigraphically constrained sum of squares 
cluster analysis indicated that comminuted, structured and degraded phytoclasts were 
statistically significant and defined two palynological assemblages in LA1-09, four 
assemblages in LA2-09, three assemblages in LB1-09, and three assemblages in LB2-09.  
(2) DOM distribution in all four cores suggested that changes in depositional 
conditions through time could have been climatically driven. Compared to the 
assemblages located below them, the shallowest sediments preserved large amounts of 
structured phytoclasts probably because of relative increase in humidity (more rainfall) 
even as arid conditions prevailed. 
(3) Palynofacies assemblages and lithological interpretations suggest correlation 
between the sediments in LA1-09 and the top ~27 meters of LA2-09 in spite of the highly 
dynamic nature of the lakes. In contrast, correlation was less certain between the Lake 
Brown cores due to more pronounced differences in lithologies and palynofacies. 
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(4) Two palynomorph assemblages have been identified in the sediments. The 
older assemblage in the basal ~15 meters of LA2-0 has palynofloral affinity (e.g. 
Botryococcus braunii and Araucariacites australis) to wet hinterland (rainforest), 
freshwater and swampy environments. This assemblage is marked by the FADs of 
Aglaoreidia qualumis, Dryadopollis retequetrus and Reevesiapollis reticulatus and the 
LADs of Proteacidites crassus and Santalumidites cainozoicus, and is correlative with 
the Werillup Formation (Middle Nothofagidites asperus Zone of Partridge, 2006). The 
second assemblage overlies the Werillup Formation in LA2-09 and is the only 
assemblage identified in the other three drill cores. It comprises sclerophyll palynofloras 
with affinities to arid and salt-tolerant, halophilic algae, and reworked late Eocene taxa 
(see #6 below).  
(5) Dunaliella is a salt-tolerant alga associated with the arid and salt-tolerant 
palynomorphs of the second palynological assemblage in all the four drill cores. Its 
presence is considered as a proxy for hypersaline conditions. 
(6) The co-occurrence of well-preserved swamp and rainforest palynomorphs, 
marine dinoflagellate cysts, and sclerophyll and halophilic palynomorphs has been used 
to establish reworking of upper Eocene sediments into younger units in all the drill cores. 
Although Bint (1981) considered a somewhat similar occurrence (excluding 
dinoflagellate cysts) as products of refugia, the absence of marine transgressions since the 
late Eocene in Western Australia and the ecological differences of the palynofloras rule 
out the refugia hypothesis. 
(7) The presence of Myrtaceidites lipsis, a key marker for the Myrtaceidites lipsis 
Zone of Partridge (2006), in the sediments from 23.38 meters depth to the top of LA2-09 
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has been used to constrain the age of this interval as Pliocene to Recent. The age of the 
sediments located between 25.38 meters and 44.58 meters his uncertain because they 
have preserved only long ranging palynomorphs. Building on de Deckker’s (1983) 
proposal that continental aridity began during the Miocene, we surmise that this section 
may not be older than the Miocene. The low resolution and productivity of palynomorphs 
above the Werillup Formation prevent the identification of established formations within 
the Redmine Group in the study area (Clarke 1993; Clarke et al. 1996, 2003). 
(8) Although the palynofloras provide strong evidence for climatic turnover 
between late Eocene and post-Eocene sediments, the low resolution of palynomorph data 
does not allow good dates for this change. The timing of the onset of aridity, therefore, is 
still not well established in this study. Although it is not clear if there was gradual or 
sudden transition between the top Werillup lignite and the overlying 3 meter-thick clay, 
there appears to be a major unconformity after the late Eocene. 
(9) Aglaoreidia cyclops is a fossil pollen grain previously considered as endemic 
to the Northern Hemisphere. Its presence is upper Eocene sediments of the Werillup 
Formation in LA2-09 marks the first time it has been identified in Australia and the 
Southern Hemisphere (Sanchez Botero et al., 2013). This finding expands the 
paleogeographic distribution of this species, and suggests transoceanic connections that 
were not previously considered.
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PLATES 1-7 – PHOTOMICROGRAPHS OF MAIN PALYNOMORPHS IDENTIFIED 


















1. Camarozonisporites sp. Slide MST-1167-S1, EF K33. 
2. Crassoretitriletes vanraadshooveni Slide MST-1134-S1, EF G43. 
3. Cyathidites minor   Slide MST-1165-S1, EF G33. 
 
4. Cyathidites splendis Slide MST-1141-S1, EF K40. 
 
5. Evansispora sp.  Slide MST-1166-S1, EF M31. 
 
6. Gleicheniidites sp. Slide MST-1166-S1, EF J38. 
 
7. Herkosporites elliottii  Slide MST-1167-S1, EF V32. 
 
8. Lycopodiaceae Slide MST-1026-S1, EF M41/1. 
 
9. Rugulatisporites sp. Slide MST-1166-S1, EF Q44/1. 
 
10. Stereisporites sp. Slide MST-1167-S1, EF  F33/2 
 
 





































1. Acacia sp. Slide MST-1176-S1, EF O45/1. 
2. Aglaoreidia qualumis Slide MST-1167-S1, EF T43/2. 
3. Ailanthipites paenestriatus Slide MST-1167-S1, EF T29. 
4. Asteraceae Tubulifloridites type Slide MST-1174-S1, EF N43/3. 
5. Beaupreadities elegansiformis Slide MST- 1158-S1, EF F16/2. 
6. Beaupreaidites diversiformis Slide MST-1167-S1, EF H28/3. 
7. Bluffopollis scabratus Slide MST-1167-S1, EF G31. 
8. Blufopollis sp. Slide MST-1166-S1, EF J40/1. 
9. Brassicaceae Slide MST-1174-S1, EF G44/4. 
10. Campanulaceae (Wahlenbergia) Slide MST-1090-S1, EF G28. 
11. Canthiumidites bellus Slide MST-1133-S1, EF S41. 
12. Casuarinaceae Slide MST-1174-S1, EF J47. 
 
 



































1. Chenopodiaceae/Amaranthaceae Slide MST-1196-S1, EF R45. 
2. Cupaneidites orthoteicus Slide MST-1165-S1, EF Q37/1. 
3. Eremophila sp.  Slide MST-1175-S1, EF O48. 
4. Eucalyptus sp. Slide MST-1174-S1, EF M43. 
5. Fabaceae  Slide MST-1006-S1, EF P17/2. 
6. Gyrostemon sp. Slide MST-1001-S1, EF E47. 
7. Haloragaceae (Haloragacidites haloragis) Slide MST-1001-S1, EF N38. 
8. Haloragacidites harrisii Slide MST-1167-S1, EF J41/3. 
9. Haloragacidites trioratus Slide MST-1167-S1, EF T42/4. 
10. Liliacidites perforatus Slide MST-1167-S1, EF L8/3. 
11. Lygistepollenites florinii Slide MST-1168-S1, EF K17/2. 
12. Malvacipollis subtilis Slide MST-1166-S1, EF K10. 
 
 













1. Microaladites paleogenicus Slide MST-1167-S1, EF E12/1. 
2. Myrtaceae Slide MST-1115-S1, EF J36/1. 
3. Myrtaceidites tenuis Slide MST-1054-S1, EF N26. 
4. Myrtaceidites verrucosus Slide MST-1135-S1, EF X21. 
5. Nothofagidites brachyspinulosus Slide MST-1167-S1, EF T45/1. 
6. Nothofagidites emarcidus-heterus Slide MST-1117-S1, EF R22. 
7. Nothofagidites falcatus Slide MST-1167-S1, EF J40. 
8. Nothofagidites flemingii Slide MST-1136-S1, EF N32. 
9. Nothofagidites vansteenisii Slide MST-1167-S1, EF T40. 
10. Parsonsia (Apocynaceae) Slide MST-1176-S1, EF F40. 
11. Periporopollenites demarcatus Slide MST-1167-S1, EF S32. 
12. Phyllocladidites mawsonii Slide MST1167-S1, EF C21/2. 
 
 


































1. Poaceae (Monoporopollenites annulatus) Slide MST-1167-S1, EF M43. 
2. Podocarpidites ellipticus Slide MST-1167-S1, EF R19. 
3. Propylipollis annularis Slide MST-1167-S1, EF F31/4. 
4. Propylipollis minimum Slide MST-1166-S1, EF K17/3.  
5. Proteaceae (Grevillea) Slide MST-1176-S1, EF H34. 
6. Proteacidites asperopolus Slide MST-1133-S1, EF T40/3. 
7. Proteacidites differentipollis Slide MST-1136-S1, EF U9/3. 
8. Proteacidites reticulatus Slide MST-1149-S1, EF J30. 
9. Psilatricolporites sp. Slide MST-1138-S1, EF G42/2. 
10. Psilatriletes 25-50µm Slide MST-1167-S1, EF N24/2. 
11. Reevesiapollenites reticulatus Slide MST-1136-S1, EF O12/2. 
12. Rhoipites sp. Slide MST-1166-S1, EF K39/1. 
 
 


































1. Santalumidites cainozoicus Slide MST-1167-S1, EF T15. 
2. Sparganiaceaepollenites barungensis Slide MST-1167-S1, EF T25/4. 
3. Stephanocolpites oblatus Slide MST-1166-S1, EF Q34/3. 
4. Syncolporites “pachydermatus” Slide MST-1216-S1, EF N39/1. 
5. Tricolporites cf. T. adelaidensis Slide MST-1166-S1, EF N30/4. 
6. Verrucosisporites cf. V. kopukuensis Slide MST-1141-S1, EF P39. 
7. Dinoflagellate cyst 1 Slide MST-1177-S1, EF S43/3. 
8. Dinoflagellate cyst 2 Slide MST-1180-S1, EF S27. 
9. Dinoflagellate cyst 3 Slide MST-1196-S1, EF S40. 
10. Botryococcus braunii Slide MST-1169-S1, EF T33/3. 
11. Unidentified alga Slide MST-1176-S1, EF S44. 
 
 














Photomicrographs of scanning electron microscope (SEM) analysis of sample MST-
1153-S1 (Lake Aerodrome). Scale bar is10 µm unless otherwise indicated 
 
1. Aglaoreidia cyclops. 
2. Sculptural details of figure 1 (Aglaoreidia cyclops). 
3.  Aglaoreidia cyclops. 
4. Sculptural details of figure 3 (Aglaoreidia cyclops). Scale bar 2 µm. 
5. Sculptural details of figure 3 (Aglaoreidia cyclops). Scale bar 1 µm. 
6. Pore illustration in an Aglaoreidia cyclops specimen. Scale bar 1 µm. 
7. Nothofagidites emarcidus-heterus. 
8. Nothofagidites emarcidus-heterus. 
9. Tricolporites pollen grain.  
10. Haloragacidites trioratus. 
11. Proteacidites pollen grain. 
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